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TERRESTRIAL ENVIRONMENT (C LIMATIC) CRITERIA GUIDE LINES

FOR USE IN SPACE VEHICLE DEVELOPMENT, 1971 REVISION

Glenn E. Daniels, Editor
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Page 1.13: Reference 1.2 should read, "Daniels, Glenn E. : "Terre strial

Environment {Climatic) Criteria Guidelines for Use in Space

Vehicle Development, 1969 Revision, " Second printing, March

15, 1970, NASA TM X-53872, NASA-Marshall Space Flight Center,

Alabama."

Page 5.37: Table 5.2.25, mz0 (ft) should read "z 0 (ft)".

Pages 5.56, 5.57, and 5.61 through 5.68: Units for v are minutes.

Page 5.59:

Page 5.61:

Table 5.2.40, the T at the top of the second column should

read "TD".

Table 5.2.41, the title should read, "PEAK WINDS (fastest mile

value times 1.10) .... "

Page 5.87: Figure 5.3.10, the title for Vandenberg, AFB should read, "VAN-

DENBERG, AFB; 9-I__33kmALTITUDE LAYER".

Page 5. 119:

Page 5. 123:

Table 5.3.24, column headings, the second PI should read "Pz"-

and the second b t should read "b2".

Figure 5.3.24, the following should be inserted in the blank upper

right corner of the graph:

M(y*)/N o = pte'lY * I/Abl + p2e-lY * I/Ab2

Altlmde Turbulence 21) (Curve (ft) C°mp °nenta PI (ft t) Pz (ft ft}

1 0 - 1000 V 1.00 2.7 10 "s 10.65 500

2 0 - I000 L, L 1.00 3.1 10"s 14.06 500

avertieal, lateral,and longitudinal(V, L, L).
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Figure 5.3.25, the following should be inserted in the blank upper
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Page 5.129:

Page 5. 133:

Page 5. 130:

Page 5. 137:

Page 14.6:

Pa ge 14.49:

The third line from the bottom should read, "here to be the first

533.4 meters (1750 feet) of the atmosphere".

The first line of the text should read, "flight mode nor ascend or

descend in a strictly vertical flight path. At this time".

The third line from the bottom should read, " .... meters

(subsection 5.2.6.2), and".

Figure 5.4.3 for Cape Kennedy _ 50 m//sec, the 15% value should
read "25%" and the 25% value should read "35%".

The second line of text should read, "decreasing to one-half that

of the surface at 7 kilometers altitude. Density is".

Table 14. 13, the heading under Low Latitude should resGl
"(37.50 N to 37.50 S) ".
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TECHNICAL MEMORANDUMX-64589

TERRESTRIALENVIRONMENT(CLIMATIC) CRITERIA

GUIDELINES FORUSE IN SPACE VEHICLE DEVELOPMENT,
1971 REVIS ION

Glenn E. Daniels, Editor

SUMMARY

This document provides guidelines on probable climatic extremes of

terrestrial environment data specifically applicable for NASA space vehicles

and associated equipment development. The geographic areas encompassed

are the Eastern Test Range (Cape Kennedy, Florida); Huntsville, Alabama;

New Orleans, Louisiana; The Space and Missile Test Center (Vandenberg AFB,

California) ; Sacramento, California; Wallops Test Range (Wallops Island,"
Virginia) ; White Sands Missile Range, New Mexico; and intermediate transpor-

tation areas. In addition, a section has been included to provide information on
the general distribution of natural environmental extremes in the continental

United States that may be needed to specify design criteria in the transporta-

tion of space vehicle components. Although not considered as a specific

space vehicle design criterion, a section on atmospheric attenuation has been

added, since certain earth orbital experiment missions are influenced by

the earthts atmosphere. Some climatic extremes for worldwide operational

conditions are included, however, it is recognized that launching and test

areas are restricted due to the nonavailability of facilities and real estate.

Design guideline values are established for the following environmental

parameters: (1) thermal (temperature and solar radiation), (2) humidity, (3)

precipitation, (4)winds, (5) pressure, (6) density, (7) electricity (atmos-

pheric), (8) corrosion ( atmospheric), (9) sand and dust, (10) fungi and

bacteria, (11) atmospheric oxidants, (12) composition of the atmosphere, and

(13) inflight thermodynamic properties. Data are presented and discussions
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of these data are given relative to interpretation as design guidelines. Addi-

tional information on the different parameters may be located in the numerous

references cited in the text following each section.

FOREWORD

For climatic extremes, there is no known physical upper or lower bound,
except for certain conditions; that is, for wind speed, there does exist a strict

physical lower bound of zero. Therefore, for any observed extreme condition,

there is a finite probability of its being exceeded. Consequently, climatic

extremes for design must be accepted with the knowledge there is some risk

of the values being exceeded. Also, the accuracy of measurement of many

environmental parameters is not as precise as desired. In some cases, theo-

retical estimates of extreme values are believed to be more representative

than those indicated by empirical distributions from short periods of record.

Therefore, theoretical values are given considerable weight in selecting extreme
values for some parameters, i.e., the peak surface winds.

With regard to surface and inflight winds, shears, and turbulence, it is

understood that the space vehicle will not be designed for launch and flight in

severe weather conditions; that is, hurricanes, thunderstorms, and squalls.

Wind conditions are presented for various percentiles based on available data

samples. Caution should be exercised in the interpretation of these percentiles

in vehicle studies to ensure consistency with physical reality and the specific
design and operational problems of concern.

Environment data in this document are limited to information below

90 kilometers. Reference 1.1 provides information above 90 kilometers.

Specific space vehicle natural environmental design criteria are normally

specified in the appropriate organizational space vehicle design ground rules
and design criteria data documentation. The information in this document is

recommended for use in the development of space vehicles and associated

equipment, unless otherwise stated in contract work specifications.

Considerably more information is available, but not in final form, on

some of the topics in this document, viz., solar radiation, surface and inflight
winds, and thermodynamic properties. Users of this document who have

questions or require further information on the data provided shall direct

their requests to the Aerospace Environment Division (S&E-AERO-Y), Aero-

Astrodynamics Laboratory, Marshall Space Flight Center.



1.3

The data in all sections are based on conditions which have actually

occurred, or are statistically probable in nature, over a longer period than

the available data. When possible, cycles {diurnal or other) are given to

provide information for environmental testing in the laboratory. In many

cases, the natural test cycles do not agree with standard laboratory tests, fre-

quently being less severe; although occasionally the natural cycle as given is

more severe than the laboratory test. Such cycles need careful consideration

to determine whether the laboratory tests need adjustment.

Assesment of the natural environment in early stages of a space vehicle

development program will be advantageous in developing a space vehicle with

a minimum operational sensitivity to the environment. For those areas of the

environment that need to be monitored prior to and during tests and operations,

this early planning will permit development of the required measuring and

communication systems for accurate and timely monitoring of the environment.

Reference 1.2A is an example of this type of study.

The environment criteria data presented in this document were

formulated based on discussions and requests from engineers involved in space

vehicle development and operations; therefore, they represent responses to

actual engineering problems and are not just a general compilation of environ-

mental data. This report is used extensively by the Marshall Space Flight

Center (MSFC), the Manned Spacecraft Center (MSC), and the Kennedy

Space Center (KSC) in design and operational studies. Inquiries may be

directed through appropriate channels to the following persons:

Scientific Area

Atmospheric Thermo-

dynamic Models

Ground Winds and

Inflight Winds

Atmospheric Condi-

tions (General)

MSFC

O. E. Smith

C. Brown

O. E o Smith

G. H. Fichtl

O. E. Smith

G. H. Fichtl

G. _. Daniels

MSC

R. H. Bradley

A. C. Mackey

R. H. Bradley

R. H. Bradley

KSC

P. Claybourne

J. Spears
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SECTION L INTRODUCTION

By

Glenn E. Daniels and William W. Vaughan

1.1 General

A knowledge of the earth's atmospheric environmental parameters is

necessary for the establishment of design requirements for space vehicles and

associated equipment. Such data are required to define the design condition for

fabrication, storage, transportation, test, pre-flight, and in-flight design con-

ditions and should be considered for both the whole system and the components

which make up the system. The purpose of this document is to provide guide-

line data on natural environmental conditions for the various major geographic

locations which are applicable to the design of space vehicles and associated

equipment for the National Aeronautics and Space Administration. The publi-

cations MIL-STD-210A (Ref. 1.3), U.S. Standard Atmosphere, 1962 (Ref. 1.4),

the U.S. Standard Atmosphere Supplements (Ref. 1.5), and the Range Reference

Atmospheres (Ref. 1.6), are suggested for use as sources of data for geo-

graphic areas not given in this document.

Good engineering judgment must be exercised in the application of the

earth's atmospheric data to space vehicle design analysis. Consideration must

be given to the overall vehicle mission and performance requirements. Know-

ledge still is lacking on the relationships between some of the atmopheric vari-

ates which are required as inputs to the design of space vehicles. Also, inter-

relationships between space vehicle parameters and atmospheric variables

cannot always be clearly defined. Therefore, a close working relationship and

team philosophy should exist between the design/operational engineer and the

respective organization's aerospace meteorologists. Although a space vehicle

design should accommodate all expected operational atmospheric conditions,

it is neither economically nor technically feasible to design space vehicles to

withstand all atmospheric extremes. For this reason, consideration should be

given to protection of space vehicles from some extremes by use of support

equipment, and by using specialized forecast personnel to advise of the expected

occurrence of critical environmental conditions. The services of specialized

forecast personnel may be very economical in comparison with more expensive

designing which would be necessary to cope with all environmental possibilities.

This document does not specify how the designer should use the data

in regard to a specific space vehicle design. Such specifications may be estab-

lished only through analysis and study of a particular design problem. Although

of operational significance, descriptions of some atmospheric conditions

"-,_.=.C..._L-_G p_.GE BL_'I4 NOT ;"'_......
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have been omitted since they are not of direct concern for structural and control

system design. Induced environments (vehicle caused) may be more critical
than natural environments for certain vehicle operational situations, and in

some cases the combination of natural and induced environments will be more

severe than either environment alone. Induced environments are considered

in other space vehicle criteria documents which should be consulted for such

data.

Reports such as the "Marine Climatic Guide" (Ref. 1.7) may be con-

sulted for reentry landing area information.

1.2 Geographical Areas Covered (Fig. 1.1)

a. Huntsville, Alabama.

b. River transportation: Between Huntsville, Alabama (via Tennessee,

Ohio, and Mississippi Rivers) and New Orleans, Louisiana.

c. New Orleans, Louisiana; Mississippi Test Operations, Mississippi;

Houston, Texas; and transportation zones between these locations.

d. Gulf transportation: Between New Orleans, Louisiana (via Gulf of

Mexico and up east coast of Florida) and Cape Kennedy, Florida.

e. Panama Canal transportation: Between Los Angeles or SAMTEC,

California (via West Coast of California and Mexico, through the Panama Canal,

and Gulf of Mexico) and New Orleans, Louisiana.

f. Eastern Test Range (ETR), Cape Kennedy, Florida.

g. Space and Missile Test Center (SAMTEC), (Vandenberg AFB), California.

h. Sacramento, California.

i. Wallops Test Range, Wallops Island, Virginia.

j. West coast transportation: Between Los Angeles, California, and
Sacramento, California.

k. White Sands Missile Range, New Mexico.

1. Edwards Air Force Base, California.
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SACRAMENTO, CALIF.
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FIGURE i. MAIN GEOGRAPHICAL AREAS COVERED IN DOCUMENT
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i.3 Units of Conversion

Numerical values in this document are given in the International System of

Units (Ref. 1.8, 1.9). The values in parentheses are equivalent U.S. Customary

Units. ¢_ The metric and U. S. Customary Units employed in this report are

those normally used for measuring and reporting atmospheric data.

By definition, the following fundamental conversion factors are exact

(Ref. 1.8, 1.9, 1.10).

U. S. Customary Units Metric

Length
Mass

Time

Temperature
Electric current

Light intensity

I U. S. yard (yd)

1 avoirdupois pound (lb)

1 second (s)

1 degree Rankine( ° R)

1 ampere (A)

1 candela (cd)

0. 9144 meter (m)

453.59237 gram (g)

1 second (s)

5/9 degrees Kelvin ('K)

i ampere (A)

1 candela (cd)

To aid in conversion of units given in this document, conversion factors

based on the above fundamental conversion factors are given in Table 1.1. Geo-

metric altitude as employed herein is with reference to mean sea level (MSL)
unless otherwise stated.

1.4 Definition of Percentiles

The values of the data corresponding to the cumulative percentage fre-

quencies are called percentiles. The relationship between percentiles and pro-

bability is as follows: Given that the 90th percentile of the wind speed is, say,

60 m/smeansthat there is a probability of 0. 90 that this value of the wind speed

will not be exceeded, and there is probability of 0. 10 that it will be exceeded

for the sample of data from which the percentile was computed. Stated in another

way: There is a 90 percent chance that the given wind speed of 60 m/s will not

be exceeded or there is a 10 percent chance that it will be exceeded. If one con-

siders the 10th and 90th percentiles for the wind speeds, it is clear that 80 percent

of the wind speeds occur within the 10-90 percentiles range.

* English Units adopted for use by the United States of America.
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SECTION II. THERMAL

\

By

Glenn E. Daniels

2.1

2.0 Introduction

One of the more important environmental influences on a vehicle is

the thermal environment. Combinations of air temperature, solar radiation,

and sky radiation can cause various structural problems. Some examples of

potential problems are: (1) Heating of one side of the vehicle by the sun

while the other side is cooled by a clear sky causes stresses since the vehicle

sides will be of different length; (2) the temperature of the fuel influences

the volume/mass relationship; and (3) too high a temperature may destroy

the usefulness of a lubricant. The heating or cooling of a surface by air

temperature and radiation is a function of the heat transfers taking place;

therefore, methods of determining these relationships are presented in this

section.

2. 1 Definitions

The following terms and meanings are used in this section.

Absorption bands are those portions of the solar (or other continuous)

spectrum which have lesser intensitybecause of absorption by gaseous ele-

ments or molecules. In general, elements give sharp lines, but molecules

such as water vapor or carbon dioxide in the infrared give broad diffuse bands.

Air mass is the amount of atmosphere that the solar radiation passes

through, whereas one air mass is referenced to when the sun is at its zenith.

Air temperature (surface) is the free or ambient air temperature

measured under standard conditions of height, ventilation, and radiation

shielding. The air temperature is normally measured with liquid-in-glass
thermometers in a louvered wooden shelter, painted white inside and outside,

with the base of the shelter normally 1.22 meter (4 ft) above a close-cropped

grass surface (Ref. 2. i, page 59). Unless an exception is stated, surface

air temperatures given in this report are temperatures measured under these
standard conditions.
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Astronomical unit is a unit of length defined as equal to the mean dis-

tance between the earth and sun. The current accepted value is 1. 495978930
x 108 kilometers.

Atmospheric transmittance is the ratio between the intensity of the

extraterrestrial solar radiation and intensity of the solar radiation after

passing through the atmosphere.

Black body is an ideal emitter which radiates energy at the maximum
possible rate per unit area at each wavelength for any given temperature and

which absorbs all incident radiation at all wavelengths.

Diffuse sky radiation is the solar radiation reaching the earth's sur-

face after having been scattered from the direct solar beam by molecules or

suspensoids in the atmosphere. It is measured on a surface after the direct
solar radiation is subtracted from the total horizontal radiation.

Direct solar radiation is the solar radiation received on a surface

directly from the sun, and does not include diffuse sky radiation.

Emittance is the ratio of the energy emitted by a body to the energy

which would be emitted by a black body at the same temperature. All real

bodies will emit energy in different amounts from a black body at various

wavelengths; i.e., colored bodies are colored because of higher emittance at

specific wavelengths. In this document, the assumption is made that the

absorptivity of an object is numerically equal to the emittance of the object

at the same wavelengths. Therefore, the value of the emittance can be used

to determine the portion of the energy received by the object which heats

(or energy lost which cools) the object.

Extraterrestrial solar radiation is that solar radiation received out-

side the earth's atmosphere at one astronomical unit from the sun. The term

"solar spectral irradiance" is used when the extraterrestrial solar radiation

at small wavelength intervals is considered.

Fraunhofer lines are the dark absorption bands in the solar spectrum

caused by gases in the outer portions of the sun and earth's atmosphere.

Horizontal solar radiation is the solar radiation measured on a hori-

zontal surface. This is frequently referred to as "global radiation" when

solar and diffuse sky radiation are included.

Irradiation is often used to mean solar radiation received by a surface.
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Normal incident solar radiation is the radiation received on a surface,

normal to the direction of the sun, direct from the sun, and does not include

diffuse sky radiation.

Radiation temperature is the absolute temperature of a radiating black
body determined by Wien_s displacement law, expressed as

W

TR = Xmax ' (2. 1)

where

TR = absolute temperature of the radiating body

w = WienWs displacement constant (0. 2880 cm "K)

X max = the wavelength of the maximum radiation intensity for the

black body.

Sky radiation temperature is the average radiation temperature of the

sky when it is assumed to be a black body. Sky radiation is the radiation to and

through the atmosphere from outer space. While this radiation is normally

termed nocturnal radiation, it takes place under clear skies even during day-

light hours.

Solar radiation in this document will be defined as the radiant energy

from the sun between 0.22 and 20. 0 microns ( subsection 2. 2. 2).

Surface temperature is the temperature which a given surface will have
when exposed to air temperature and radiation within the approximate wave-

length interval of 0.22 to 20. 0 microns.

2.2 Special Distribution of Radiation

2. 2. 1 Introduction

All objects radiate energy in the electromagnetic spectrum. The

amount and frequency of the radiation distribution is a function of temperature.

The higher the temperature, the greater the amount of total energy emitted

and the higher the frequency (shorter the wavelength) of the peak energy
emission.
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2. 2. 2 Solar Radiation

The sun emits energy in the electromagnetic spectrum from 10 -7

to greater than 105 microns. This radiation ranges from cosmic rays through

the very long wave radio waves. The total amount of radiation from the sun

is nearly constant in intensity with time,

Of the total electromagnetic spectrum of the sun, only the radiant

energy from that portion of the spectrum between 0. 22 and 20. 0 microns

(the light spectrum) will be considered in this document since it contains

99. 8 percent of the total electromagnetic energy. The spectral distribution of

this region closely resembles the emission of a gray body radiating at 6000"K.

This is the spectral region which causes nearly all of the heating or cooling

of an object.

Solar radiation outside the earth's atmosphere is distributed in a con-

tinuous spectrum with many narrow absorption bands caused by the elements

and molecules in the colder solar atmosphere. These absorption bands are the

Fraunhofer lines, whose widths are usually very small (< 10-4/_ in most
cases).

The earth's atmosphere also absorbs a part of the solar radiation such

that the major portion of the solar radiation reaching the earthfs surface is

between about 0. 35/_ and 4. 00 microns. The distribution of the energy in this

region of the spectrum outside the earthts atmosphere (extraterrestrial) is as
follows:

Region (_)

Ultraviolet below 0. 38

0.38 to 0.75

Infrared above 0.75

Distribution

(70)

7. 003

44. 688

48. 3O9

Solar Intensity
g-cal cm -2 (mln -1)

0. 136

0. 867

0. 937

The first detailed information published for use by engineers on the

distribution of solar radiation energy (solar irradiation) wavelength was that

by Parry Moon in 1940 (Ref. 2. 2). These data were generally based on

theoretical curves, but are still used as the basic solar radiation in design by
many engineers.
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2. 2. 3 Intensity Distribution

Table 2. 1 presents data on the distribution with wavelength of solar

radiation outside the earthts atmosphere and at the earthWs surface after 1

atmosphere absorption. The solar radiation distribution data outside the earthts

atmosphere (solar spectral irradiance) are based on recent extraterrestrial

data obtained by high-flying aircraft and published by Thekarkara (Ref. 2. 3).

The values of solar radiation for 1 atmosphere absorption are representative

of a very clear atmosphere which provides a minimum of atmospheric absorp-

tion. This gives a total normal solar radiation value (area under the spectral

curve) equal to the highest values measured at the earth's surface in mid-

latitudes. These data are for use in solar radiation design studies when ex-

treme solar radiation effects are desired at the earth's surface.

2. 2. 4 Atmospheric Transmittance of Solar Radiation

The atmosphere of the earth is composed of a mixture of gases,
aerosols, and dust which absorb radiation in different amounts at various

wavelengths. If the ratio is taken of the solar spectral irradiance I to that
o

of the solar radiation after absorption through one air mass I1.00' an

atmospheric transmittance factor M can be found [equation (2. 2)]:

I
O

= (p.p)
Ii.O0

The atmospheric transmittance constant can be used In the following

equation for computations of intensities for any other number of air masses:

IN = Io (IVIN) , (2.3)

where

IN = intensity of solar radiation for N air mass thickness

N = number of air masses.

Equation (2. 3) can also be used to obtaIn solar radiation intensities

versus wavelengths for other total normal incident solar radiation intensities
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TABLE 2, 1 SOLAR SPECTRAL IRRADIANCE (outside atmosphere)

AND SOLAR RADIATION AFTER ABSORPTION

BY CLEAR ATMOSPHERE

Wavelength

(microns)

0.120

0.140

0.150

0.160

0.170

0.180

0.190

0.200

0.210

0.220

0.225

0.230

0.235

0.240

0.245

0.250

0.255

0.260

0.265

0.270

0.275

0.280

0.285

0.290

0.295

0.300

0.305

0.310

0.315

0.320

0.325

0.330

0.335
O. 340
0.345

0.350

0.355

0.360

0.365

0.370

0.375

0.380

0.385

0.390

0.395

0.400

0.405

0.410

0.415

0.420

0.425

0.430

0.435

0.440

0.445

0.450

0.455

0.460

0.465

0.470

Solar Spectral

Irradiance

(watts cm "2 -1)

0.000010
0.000003

0.000007

Area Under

Solar Spectral

Irradiance

Curve

(watts cm "2)

0.00000060

0.00000073

0.00000078

Solar Radiation

After One

Atmos phe re
Absorption

(watts cm -2 p- 1)

0.000000

0.000000

0.000000

Area Under

One Atmosphere
Solar Radiation

Curve

{watts cm - 2 )

0.000000

0.000000

0.000000

Percentage of Solar

Radiation After One

Atmosphere Absorp-

tion for Wavelengths

Shorter thanA (%)

0.00

0.00

0.00

0.000023

0.000063

0.000125

0.000271

0.00107

0.00229

0.00575

0.00649

0.00667

0.00593

0.00630

0.00723

0.00704

0.0104

0.0130

0.0185

0.0232

0.0204
0.0222

0.0315

0.0482

0.0584

0.0514

0.0603

0.0689

0.0764

0.0830

0.0975

0.1059

0.1081

O. 1074

0.1069

0.1093

0.1083

0.1068

0.1132
0.1181

0.1157

0.1120

0.1098

0.1098

0.1189

0.1429

0.1644

0.1751

0.1774

0.1747

0.1693

0.1639

0.1663

0.1810

0.1922

0.2006

0.2057

0.2066

0.2048

0.2033

0.00000093

0.00000136

0.00000230

0.00000428

0.000010

0.000027

0.000067

0.000098

0.000131

0.000162

0.000193

0.000227

0.000263

0.000306

0.000365

0.000443

0.000548

0.000657

0.000763

0.000897

0.001097

0.001363

0.001638

0.001917

0.002240

0.002603

0.003002

0.003453

0.003961

0.004496

0.005035

0.005571
0.006111

0.006655

0.007193

0.007743

0.008321

0.008906

0.009475

0.010030

0.010579

0.011150

0.011805

0.012573

0.013422

0.014303

0.015183

0.016043

0.016876

0.017702

0.018570

0.019503

0.020485

0.021501

0.022532

0.023560

0.024580

0.000000

0.000000

0.000000

0.000000

0.000001

0.000003

0.000007

0.000007

0.000008

0.000007

0.000007

0.000008

0.000008

0.000012
0.000015

0.000021

0.000026

0.000023

0,000025

0.000036

0.000055

0.000066

0.006677

0.019830

0.029084

0.038941

0.047684

0.062018

0.073829

0.080896

0.084636

0.087080

0.091327

0.092186

0.092857

0.099873

0.105507

0.104596

0.102971

0.102273

0.103977

0.114309

0.137403

0.158076

0.168365

0.170576

0.167980

0.162788

0.157596

0.159903

0.174038

0.184807

0.192884

0.195904

0.196761

0.196923
0.195480

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000001
0.000001

0.000001
0.000035

0.000134

0.000279

0.000474

0.000712

0.001022

0.001392

0.001796

0.002219

0.002655

0.003111

0.003572

0.004036
0.004536

0.005063

0.005586

0.006101

0.006613

0.007132

0.007704

0.008391

0.009181
0.010023

0.010876

0.011716

0.012530

0.013318

0.014117

0.014988

0.015912

0.016876

0.017656

0.018839

0.019824

0.020801

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00
0.00

0.00

0.00

0.00
0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.03

0.12

0.25

0.42

O. 64

0.92

1.25

1.61

1.99

2.39

2.80

3.40

3.63

4.08

4.55

5.03

5.49

5.95

6.42

6.93

7.55

8.26

9.02

9.79

10.54

11.28

11.99

12.71

13.40
14.30

15.19
16.07

16.96

17.84

18.72



TABLE 2. 1 SOLAR SPECTRAL IRRADLANCE (outside atmosphere)
AND SOLAR RADIATION AFTER ABSORPTION

BY CLEAR ATMOSPHERE (Continued)

2.7

Wavelength

(microns)
k

0.475

0.480

0.485

0.490

0.495

0.500

0.505

0.510

0.515

0. 520

0.525

0.530

0.535

0. 540

0.545

0.550
0.555
0.560

0.565

0.570

0.575
0.580

0.585
0.590

0.595
0.600

0.605
0.610

0.620

0.630

0.640

0.650

0.660

0.670

0.680

0.690

0.700

0.710

0.720

0.730

0.740

0.750

0.800

O.850

0.900

0.950

1.000

I.I00

1.200

1.300

1.400

1.500

1.600

1.700

1.800

1.900

2.000

2.100

2.200

2.300

Solar Spectral
Irradiance

(watts cm'2# "1)

0.2044

0.2074

0.1976

0.1950

0.1960

0.1942

0.1920

Area Under

Solar Spectral
Ir radiance

Curve

(watts cm -2)

Solar Radiation
After One

Atmosphere

Absorption

(watts cm "2 - 1)#

Area Under

One Atmosphere
Solar Radiation

Curve

0.021784

0.022772

0.023704

0.024624

0.025539

0.026439

0.027319

Percentage of Solar

Radiation After One

Atmosphere Absorp-

tion for Wavelengths

Shorter than A (%)

0.1882

0.1833
0.1833

0.1852

0.1842

0.1818

0.1783

0.1754

0.1725
0.1720

0.1695
0.1705

0.1712

0.1719

0.1715

0.1712

0.1700

0.1682

0.1666

0.1647

0.1635

0.1602

0.1570

0.1544

0.1511

0.1486

0.1456

0.1427

0.1402

0.1369

0.1344

0.1314

0.1290

0.1260

0.1235

0.1107

0.0988

0.0889

0.0835

0.0746

0.0592

0.0484

0.0396

0.0336

0.0287

0.0244

0.0202

0.0159

0.0126

0.0103

0.0090

0,0079

0.0068

0.032492

0.033421

0.034337

0.035259

0.036182

0.037097

0.037997
0.038882

0.039751
0.040613

0.041466

0.042316

0.043171

0.044028

0.044887

0.045744

0.046597

0.047442

0.048279

0.049107

0.049928

0.051546

0.053132

0.054689
0.056217

0.057715

0.059186

0.060628

0.062042
0.063428

0.064784

0.066113

0.067415

0.068690

0.069938

0.075793

0.081030

0.685723

0.090033

0.093985

0.100675

0.106055
0.110455

0.114115

0.117230

0.119885

0.122115

0.123920
0.125345

0.126490
0.127455

0.128300

0.129035

0.172660

0.168165
0.168165

0.169908

0.168990

0.166788

0.163977

0.160917

0.158256

0.157798
0.155504
0.156422

0.157064

0.157726

0.157339
0.157064

0.155963

0.154311

0.152844

0.151100

0.150000
0.146972

0.145370

0.144299

0.142547

0.141523

0.140000

0.137211

0.134807

0.131634

0.129230

0.126346

0.114038

0.121153
0.118750

0.106442

0.095000

0.080090

0.077314

0.071730

0.056923

0.046538

0.036000

0.002240

0.027333

0.023461

0.019423

0.013826

0.000126

0.009809

0.008653

0.007596

0.006538

0.028183

0.029023

0.029864

0.030714

0.031559

0.032393

0.033211
0.034015

0.034806

0.035595

0.036373

0.037155

0.037940

0.038729

0.039516
0.040301

0.041081
0.041852

0.042616

0.043372

0.044122

0.045592

0.047045

0.048488

0.049914

0.051329

0.052729

0.054101

0.055449

0.056766

0.058058

0.059321

0.060562

0.061773

0.061961
0.068283

0.073033
0.077037

0.080903
0.084490

0.090182

0.094836

0.098436

0.098660

0.101393

0.103739

0.105681

0.107064

0.107077

0.108057

0.108923

0.109682

0.110336

0.025600

0.026629

0.027642

0.028623

0.029601

0.030576

0.031542

19.61

20.50

21.34

22.17

22.99

23.80

24.60

25.37

26.13
26.88

27.65

28.41

29.16

29.90

30.62

31.33

32.05

32.75

33.45

34.16

34.87

35.57
36.28

36.98

37.68

38.37

39.05

39.72
44.05

42.30

43.66

44.94

46.22

47.48

48.71

49.93

51.11

52.27

53.41

54.53

55.62

56.69

61.48

65.76

69.36

72.84

76.07

81.20

85.39

88.63

88.83

91.29

93.40

95.15

96.40

96.41

97.29

98.07

98.76

99.34

0.196538

0.197523
0.186415

0.183962
0.183177

0.179814
0.176146

(watts cm -2 )
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TABLE 2. 1 SOLAR SPECTRAL IRRADIANCE (outside atmosphere)

AND SOLAR RADIATION AFTER ABSORPTION

BY CLEAR ATMOSPHERE (Concluded)

Wavelength

(microns)

2.4

2.5

2.6

2.7
2.8

2.9

3.0

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.0

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

5.0

6.0

7.0

8.0

9.0

10.0

11.0

12.0

13.0

14.0

15.0
16.0

17.0
18.0

19.0

20.0

25.0

30.0

38.0

40.0

50.0

60.0

80.0

I00.0

I000.0

Solar Spectral

Irradiance

(watts cm-Zp-1)

0.0064

0.0054

0.0048

0.0043

0.00390

0.00350

0.00310

0.00260

0.00226

0.00192

0.00166

0.00146

0.00135

0.00123

0.00111

0.00103

0.00095

0.00087

0.00078

0.00071

0.00065

0.00059

0.00053

0.00048

0.00045

0.00041

0.0003830

0.0001750

0.0000990

0.0000600

0.0000380

0.0000250

0.0000170

0.0000120

0.0000087

0.0000055

0.0000049

0.0000038

0.0000031

0.0000024

0.0000020

0.0000016

0.000000610

0.000000300

0.000000160

0.000000094

0.000000038

0.000000019

0.000000007

0.000000003

0.000000000

Area Under

Solar Spectral
Irradiance

Curve

(watts cm "2)

0.129695

0.130285

0.130795

0.131250

0.131660

0.132030

0.132360

0.132645

0.132888

0.133097

0.133276
0.133432

0.133573

0.133702

0.133819
0.133926

0.134025

0.134116

0.134198

0.134273

0.134341

0.134403

0.134459

0.134509

0.134556

0.134599

0.13463906

0.13491806

0.13505506

0.13513456

0.13518356

0.13521506

0.13523606

0.13525056

0.13526091

0.13526801

0.13527321

0.13527756

0.13528101

0.13528376

0.13528596

0.13528776

0.13529328

0.13529556

0.13529671

0.13529734

0.13529800
0.13529829

0.13529855
0.13529865

Solar Radiation

After One

Atmosphere

Absorption

(watts cm-2_ -1)

0.006153

0.001080

0.000005

0.000004

0.000004

0.000004

0.000003

0.000002

0.000002

0.000002

0.000001

0.000001

0.000001

0.000001

0.000001

0.000001

0.000001

0.000001

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

Area Under

One Atmosphere

Solar Radiation

Curve

(watts cm -2 )

0.110951

0.111059

0.111060

0.111060

0.111061

0.111061

0.111061

0.111062

0.111062

0.111062

0.111062

0.111062

0.111062

0.111062

0,111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063

0.111063
0.111063
0.111063

0.111063

Pe rcentage of Solar
Radiation After One

Atmosphere Absorp-
tion for Wavelengths

Shorter than A (%)

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

i00.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.000.13530000 0.000000 0.111063

99.90

I00.00

I00.00

I00.00

I00.00

I00.00

I00.00

i00.00

100.00

100.00
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(area under curve) by computation of new values of atmospheric transmittance
as follows:

where

ITN

M N = M 0.1111 ' (2.4)

ITN = new value of total normal incident solar radiation intensity
in W cm- 2

M = value for atmospheric transmittance given in Table 2. 1

MN = new value of atmospheric transmittance.

Equations (2. 3) and (2. 4) are valid only for locations relatively near

the earth's surface (below 5 km altitude). For higher altitudes, corrections

would be needed for the change of the amount of ozone and water vapor in the

atmosphere. Also, equation (2. 4) should be used only for values of ITN

greater than 0. 0767 Wcm -2 (1. 10 g-cal cm -2 min -1) since values lower than

this would indicate a considerably higher ratio of water vapor to ozone in the

atmosphere and require that the curve be adjusted to give more absorption in

the infrared water vapor bands at long wavelengths (infrared) and a smaller

increase for the ozone at shorter wavelengths.

2. 2. 5 Sky (Diffuse) Radiation

When solar radiation, which is a nearly parallel beam of light,

enters the atmosphere of the earth, molecules of air, dust particles, and

aerosols such as water vapor droplets either diffuse or absorb a part of the

radiation. The diffuse radiation then reaches the earth as nonparallel light
from all directions.

2. 2. 5.1 Scattered Radiation

The scattered radiation gives the sky its brightness and color. The

color is a result of selective scattering at certain wavelengths as a function
of the size of the molecules and particles.

On a clear day the amount of scattering is very low because there are

few particles and water droplets. The clear sky can be as little as 10 -6 as

bright as the surface of the sun. This sky radiation is called "diffuse radiation"
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in this document. The total energy contribution from the diffuse radiation from

the entire sky hemisphere to a horizontal surface is only between 0. 0007 and

0. 014 W cm -2 (0.01 and 0.20 g-cal cm-2).

As a black body radiator, .the clear sky is considered equivalent to a

cold source (about -15"C). The temperature of the clear sky is the same

during the daytime as at nightime. Values of sky radiation for several locali-

ties are given in Table 2. 5. It is the clear sky at night acting as a cold sink,
without the solar radiation heating the surface of the earth, that causes air

temperatures to be lower than the daytime values.

With clouds the amount of diffuse radiation is greater. The total

hemisphere during an overcast day may contribute as much as 0.069 W cm -2

(1.0 g-cal cm -2) of radiation to a horizontal surface.

The greater scattering by clouds makes the effective temperature of

the clouds warmer than the clear air. At night the clouds act as a barrier

to the outgoing radiation. Since they are warmer than the clear sky, the air

near the ground will not cool to as low a temperature.

2. 2. 5.2 Absorbed Radiation

The various gases in the atmosphere selectively absorb some of the

incoming radiation. Absorption changes some of the radiation into heat or

radiation at wavelengths different from that received. Absorption by gases is

observed in the solar spectrum as bands of various widths. The major gases

in the earth's atmosphere, which show as absorption bands in the solar

spectrum, are water vapor, carbon dioxide, ozone, and molecular oxygen.

2.3 Average Emittance of Colored Objects

In thermal engineering studies, the color of a painted surface is not

important when one considers low-temperature radiation, i.e., from 10 ° to

68 ° C, since most painted surfaces have the same absorptivity at these low

temperatures. Colored surfaces may differ in absorptivity. In Reference 2. 4,

a table on page 38 lists values of emissivity and absorptivity for various sur-

faces and different colors of paint exposed to solar radiation. Similar data

are given in other publications but give either a range of values or mean values

for the type of surface. The change of temperature (above or below the air

temperature), which is the amount of heating or cooling, is proportional to the

emissivity or absorptivity; therefore, the accuracy of determining the tempera-

ture of a surface is related to the accuracy of the emissivity and absorptivity.

Spectral distribution curves of emittance are available for many surfaces.
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The average emittance of any surface can be computed by the following method:

a. Divide the spectral emittance curve (i. e. , Figure 2. 1) into small

intervals that have little or no change of emittance within the interval.

b. Using the same intervals from the spectral distribution of radiation

(i. e. from Table 2. 1), multiply each value of emittance over the selected

interval by the percentage of radiation over the interval.

c. Sum the resultant products to give the average emittance.

Table 2. 2 is an example of such computations. Data from Figure 2. 1 and

Table 2. 1 are used. Similar computations can be accomplished for other

sources of radiation such as the night sky or from cloudy skies.

1.2
(J
Z
<
_" 1.0
(J
l&l
..I
It.
"_ 0.8
n-
um
>
F-- 0.6
<

u.I
n- 0.4

w

z
< 0.2
I-.-
I.-

i
u_ 0.0

0.3 0.5 1.0 1.5 2.0 2.5

WAVE LENGTH (/J)

FIGURE 2. 1 EMITTANCE OF BARIUM SULPHATE AND MAGNESIUM

OXIDE VERSUS WAVELENGTH

3.0

2.4 Computation of Surface Temperature for Several Simultaneous
Radiation Sources

The extreme value of temperature which a surface may reach when

exposed to daytime (solar) or nighttime (night sky) radiation with no wind

(calm), assuming it has no mass or heat transfer within the object, is

T S = T A +E(ATBs) , (2.5)
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TABLE 2.2 COMPUTATION OF EMITTANCE OF WHITE PAINT EXPOSED

TO DIRECT SOLAR RADIATION AT THE EARTH'S SURFACE

Wavelength

0.300

0.330

0.350

0.500

0.580

0.700

0.800

0.900

i.000

I.200

i.400

i.600

i.900

50. 000

E mittance

0.73

O. 45

O. 37

0.36

O. 29

O. 23

O. 22

O. 30

O. 44

O. 60

0.70

0.79

0.83

0.83

Average
Emittance

0.590

0.410

0.365

0.325

0.260

0.225

0.260

0.370

0.520

0.650

0.745

0.810

0.830

Solar

Radiation,
1 Atmo-

sphere

(%)

Solar

Radiation

over

Interval

(%)

0.03

i.25

2.80

23.80

35.57

51. ii

61.48

69. 36

76. 07

85.39

88.83

93. 40

96. 41

I00.00

1.22

1.55

21. O0

11.77

15. 54

10.37

7.88

6.71

9.32

3. 44

4. 57

3.01

3.59

Product of Aver-

age Emittance and
Percent Solar

Radiation over

Interval Divided

by i00

0.0072

0.0063

0.0766

0.0382

0.4040

0.0233

0.0205

0.0248

0.0485

0.0224

0.0340

0.0244

0.0298

Sum = average emittance = O. 396

where

T S

T A

= surface temperature (" K )

= air temperature (" K)

E

ATBs =

emittance of surface

increase in black body temperature ('K) from daytime

solar radiation (plus) or decrease in black body tempera-
ture (°K) from nighttime sky radiation (minus), calcu-
lated from
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- T A (2.6)

Extreme values of ATBs can be obtained from Figure 2. 4A or Table 2. 8,

where

ITS = total radiation (solar by day) (sky for night) received at sur-

face. These values can be extremes from Tables 2. 3, 2. 4,

or 2. 6 from this report.

= Stefan-Boltzmann constant

= 8. 1296 x 10-llg-cal cm -2 K-4

= 5.6692 x 10-12wcm -2K -4

ture.

The term

1

is equal to the extreme black body surface tempera-

If a correction for wind speed is desired, equation (2. 5) can be used

as follows:

Wc ( 2. 5A)
TS = TA + E(ATBs) 100 '

where Wc is the correction for wind speed in percent from Figure 2.4B.

Equations (2.5), (2.6), and (2.5A) are only for computing the effectof one

source of radiation on a surface. When more than one radiation source is

received by an object, then a more complex method must be used, as given

in the following discussion.

then

If we have a black body with several radiation sources and no convection,

n

(rT 4 = _,I. i= i, 2, 3... n . (2.7)
I

1
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Then
!

4
n

VI
L/ 1
1

T - TA = AT - TA (2. 8)

where T A is the air temperature.

For any object exposed to radiation in the earth's atmosphere

Ei I t

AT = 1 /- TA0"
(2. 9)

where

E. = emittance of object for corresponding radiation source I.
1 1

AT = T-T A (2.10)

f = wind effect (convection)
W

0. 325
f = (2. ll)
w

w = wind speed (m/sec) .

2.5 Total Solar Radiation

2. 5. 1 Introduction

The standard solar radiation sensors measure the intensity of direct

solar radiation from the sun falling on a horizontal surface plus the diffuse

(sky) radiation from the total sky hemisphere. Diffuse radiation is lowest

with dry clear air; it increases with increasing dust and moisture in the air.

With extremely dense clouds or fog, the measured horizontal solar radiation

will be nearly all diffuse radiation. The higher (- 95 percentile) values of
measured horizontal solar radiation occur under clear skies or under condi-

tions of scattered fair weather cumulus clouds which reflect additional solar

radiation onto the measuring sensor.
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In this document all solar radiation values given are intensitites. Solar

radiation intensities are measured in gram calories per square centimeter

(same as langleys per square centimeter) by stations of the National Oceanic

and Atmospheric Administration, National Weather Service; therefore, these

unite are used in this section. Intensities of solar radiation are numerically

equal to solar insolation per minute; i.e., gram calories per square centimeter

per minute.

2. 5. 2 Use of Solar Radiation in Design

When radiation data are used in design studies, the direct solar

radiation should be applied from one direction as parallel rays, and at the

same time, the diffuse radiation should be applied as rays from all directions

of a hemisphere (Figure 2. 2).

._ __ar "S

-t . Direct Solar Radiation

4-- -- Diffuse (Sky) Radiation

Direction

to the

Sun

FIGURE 2. 2 METHOD OF APPLYING RADIATION FOR DESIGN

Because the sun provides heat (from radiation) from a specific direc-

tion, differential heating of an object occurs; i.e., one part is heated more

than another, resulting in stress and deformation. As an example, the sun

heats the side of the Apollo/Saturn V vehicle facing the sun, while the sky cools

the opposite side. This differential heating causes the vehicle to bend away

from the sun sufficiently at the top to require consideration in design of plat-

forms surrounding the vehicle. These platforms are used to ready the vehicle

on the launch pad and must be designed so as to prevent damage to the vehicle

skin as the vehicle bends away from the sun.
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2.5. 3 Total Solar Radiation Extremes

Ten years of total horizontal solar and sky radiation data at two

stations were selected for analysis to determine the frequency distribution of

solar radiation for use in design. The data analysis was made by The National

Oceanic and Atmospheric Administration, National Climatic Center, under

contract to NASA-Marshall Space Flight Center.

2. 5. 3. 1 Basic Data Computations

The basic data used were hourly totals of horizontal solar and sky

radiation {ITH) for each hour of the day for 10-year periods at each of two

stations: Apalachicola, Florida, and Santa Maria, California. The hourly

totals were divided by 60 to obtain the average solar radiation values per

minute for each hour. The average values per minute are numerically equal

to intensity, and these values were used in the computations of frequency dis-

tributions. The diffuse sky radiation intensities IDH were empirically esti-

mated for each value based on the amount of total horizontal solar and sky

radiation and solar altitude, similar to the method used in Reference 2. 5.

After the diffuse sky radiation is subtracted from the total horizontal solar and

sky radiation, the resultant horizontal solar radiation I can be used to com-

pute the direct normal incident solar radiation IDN by using the following
equation (Refs. 2. 6 and 2. 7} :

I (2. 12)
IDN = sin b

where

IDN

I

b

= direct fiormal incident solar radiation

= horizontal solar radiation = ITH - IdH

= sunVs altitude 1 (Ref. 2. 8).

The total normal incident solar radiation ITN values were found

by adding the direct normal incident solar radiation IDN and the diffuse sky

radiation IdH previously estimated. This method of finding the total normal

. Horizon system of coordinates such as those used by surveyors and
astronomers.
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incident solar radiation may result in a slight overestimate of the value for low

solar altitudes because the sky hemisphere is intercepted by the ground sur-

face. This error is insignificant, however, when extreme values are used

and would be small for values equal to or greater than the mean plus one
standard deviation.

Total solar radiation intensities on a south-facing surface, with the

normal to the surface at 45 degrees to the horizontal, are calculated as follows:

ID45 = I(sin45deg+cotbcosacos 45deg) , (2. 13)
2

where

ID45 = intensity of direct solar radiation on a south-facing surface,
with normal 45 degrees to the horizontal

I -- horizontal solar radiation = ITH - IdH

a -- sun's azimuth measured from south direction

b = sun's altitude.

2. 5. 3. 2 Solar Radiation Extreme and 95 Percentile

To present the solar radiation data in a simplified form, the month

of June was selected to represent the summer and the longest period of day-

light and December for the winter and shortest period of daylight. The June

data for normal incident solar radiation from Santa Maria, California, were

increased for the period from 1100 to 1900 hours to reflect the higher values

which occur early in July (first week} during the afternoon. Tables 2. 3 and

2.4 give the frequency distributions for the extreme 2 values and the 95 per-

centile values of solar radiation for hours of the day. The values given for
diffuse radiation are the values which occurred associated with the other

extreme and 95 percentile values of the other solar radiations given. Since

the diffuse radiation decreases with increasing horizontal radiation, the values

given in Tables 2. 3 and 2. 4 are considerably lower than the highest values of

diffuse radiation occurring during the period of record. Figure 2. 3 shows the

June total horizontal and total normal incident data for the Eastern Test Range,

New Orleans, Gulf Transportation, and Huntsville.

o Extreme as used in this section is the highest measured value of
record.
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2. 5. 3. 3 Variation with Altitude

Solar radiation intensity on a surface will increase with altitude

above the earthts surface, with clear skies, according to the following
equation:

IH = IDN+ (1.94- IDN )

where

2.21

{2.

IH = intensity of solar radiation normal to surface at required
height

IDN = intensity of solar radiation normal to surface at the earthWs

surface assuming clear skies (IDN = ITN - IdH )

pH = atmospheric density at required height {from U. S. Standard,
U.S. Supplemental Atmospheres, or this document) (kg m -s)

PS = atmospheric density at sea level {from U. S. Standard, U.S.
Supplemental Atmospheres, or this document) (kg m -s)

1.94 = solar constant (g-cal cm-2).

The diffuse radiation IdH decreases with altitude above the earthWs

surface, with clear skies. A good estimate of the value can be obtained from
the following equation3 :

IdH = 0.7500- 0.4076I H , (2.15)

where

IdH = intensity of diffuse radiation

IH = intensity of solar radiation normal to surface.

Equation (2. 15) is valid for values of IH from equation (2. 14) up to 1.84

g-cal cm -2. For values of IH greater than 1.84 g-cal cm -_- , IdH = 0.

3. Equation (2. 15) is based on a cloudless and dust free atmosphere.
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2. 5.3.4 Solar Radiation during Extreme Conditions

When ground winds occur exceeding the 95, 99, or 99.9 percentile

design winds given in this document in Section V, the associated weather

normally is such that clouds, rain, or dust are generally present; therefore,

the intensity of the incoming solar radiation will be less than the maximum

values given in Tables 2. 3 and 2.4. Maximum values of solar radiation inten-

sity to use with corresponding wind speeds are given in Table 2. 5.

TABLE 2. 5 SOLAR RADIATION MAXIMUM VALUES ASSOCIATED

WITH EXTREME WIND VALUES

Maximum Solar Radiation (Normal Incident)

Huntsville, New Orleans River Transportation, White Sands Missile RangeSteady-State

Ground

Wind Speed

at 18m

Height

(m sec -1)

l0

15

_-20

Gulf Transportation, Eastern Test Range,

Western Test Range, Sacramento, West

Coast Transportation and Wallops Test Range

kJm -2 sec-1),(g-calcm-Zmin -1) (BTU ft'2hr -1)

0.84 1.20 265

0.56 0.80 177

0.35 0.50 111

( kJm -2 sec- I) ( g-cal _m-2 rain- I)

1.05 1.50

0.70 1.00

0.56 0.80

(BTU ft -2 hr -1)

332

221

177

2. 6 Temperature

Several types of temperatures at the earthls boundary layer may be

considered in design. These are as follows:

a. Air temperature normally measured at 1.22 meters (4 ft)

above a grass surface.

b. Changes of air temperature (Usually the rapid changes which
occur in less than _4 hours are considered. )

c. Surface or skin temperature measured of a surface exposed
to radiation.

d. Temperatures within a closed compartment.

All of the above will be discussed in the following subsections.
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2. 6. 1 Air Temperature Near the Surface

Surface air temperatures are presented in Table 2. 6 for various

geographic areas. The maximum extremes and minimum extremes and the

95 percentile values are given for the worst month based on 50 years of record.

Values for extreme minimum sky radiation (equal to outgoing radiation) are

also given in Table 2. 6. Maximum and minimum temperature values should

be expected to last only a few hours during a daffy period. Generally, the

extreme maximum temperature is reached after 12 noon and before 5 p.m.,

while the minimum temperature is reached just before sunrise. Table 2. 7

shows the maximum and minimum air temperatures which have occurred on

each hour at the Eastern Test Range (Cape Kennedy), but not necessarily on

the same day, although these curves represent a cold and hot extreme day.

The method of sampling the day (frequency of occurrence of observations) will

result in the same extreme values if the same period of time for the data is

used, but the 95 percentile values will be different for hourly, daffy, and

monthly data reference periods. Selection of the reference period depends on

engineering application.

2. 6. 2 Extreme Air Temperature Change

a. For all areas the design values of extreme air temperature

changes (thermal shock) are:

(1) An increase of air temperature of 10*C (18°F) with a

simultaneous increase of solar radiation (measured on a normal surface) from

0.50 g-cal cm -_- rain -1 (110 BTU ft -2 hr -1) to 1.85 g-cal cm -2 min -I (410 BTU

ft -2 hr -1 ) may occur inn 1-hour period. Likewise, the reverse change of the

same magnitude may occur for decreasing air temperature and solar radiation.

(2) A 24-hour change may occur with an increase of 27.7" C

(50" F) in air temperature in a 5-hour period, followed by 4 hours of con-

slant air temperature, then a decrease of 27.7°C (50°F) in a 5ohour period,

followed by 10 hours of constant air temperature.

b. For Eastern Test Range (Cape Kennedy, Florida), the 99.9

percentile air temperature changes are as follows:

(1) An increase of air temperature of 5. 6° C (11 ° F) with a

simultaneous increase of solar radiation (measured on a normal surface) from

0.50 g-cal cm -_- rain -1 (110 BTU ft-_ hr -1) to 1.60 g-cal cm -2 rain -1

(354 BTU ft -2 hr -1) , or a decrease of air temperature of 9. 4"C (17°F) with

a simultaneous decrease of solar radiation from 1.60 g-cal cm -_- min -1

(354 BTU ft -2 hr -i) to 0. 50 g-cal cm -2 min -1 (110 BTU ft -2 hr -1) may occur

in a 1-hour period.
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TABLE 2. 6 SURFACE AIR AND SKY RADIATION

TEMPERATURE EXTREMES

Area

Huntsville • C

•F

River * C

Transporatation ° F

New Orleans "C

°F

GuLf • C

Transportation • F

Eastern • C

Test Range
"F

*C

•F

Panama Canal • C

Transportation • F

Space and • C
Missile Test
Center • F

West Coast • C

Transportation * F

Sacramento • C

"F

White Sands "C

Missile Range * F

Wallops • C

Test Range • F

Edwards AFB ° C

°F

Surface Air
a

Temperature Extremes

Maximum

Extreme

-23. 3

-10

-30.6

.23

Extreme 95%

43. 9 41.7 b

111 107 b

43. 9 NA

111 NA

37.8 31.7 e

100 89 c

40.6 NA

105 NA

37. 2 30.0 c

99 86 c

37. 2 31.7 d

99 89 d

41.7 NA

107 NA

e
41.7 31.1

107 88 c

46. 1 NA

115 NA

46. 1 e

115 e

41. 1 •

106 e

39.4 e

103 e"

43. 3 39. 4 d

11o 103 d

-12. 8

9

-12. 8

9

-3.9

25

-3. 9

25

-12. 8

9

-2.2

28

-6.1

21

-6.1

21

-21.1

-6

-11.7

11

-15.0

5

Minimum

95%

-21.7 b

_7 b

NA

NA

7.8 e

46 e

NA

NA

12.2 c

64 c

6.7 d

44 d

NA

NA

3.9 c

39 c

NA

NA

e

e

e

e

e

e

Sky Radiation

Equivalent

Temperature
Minimum

Extreme

-30.0

-22

-37.2

-35

-17. 8

0

-17. 8

0

-15. 0

5

15.0

5

Equivalent
Radiation

( g-cat cm -2 rain -1)

O. 28

O. 25

O. 35

O. 35

O. 36

0. 36

-15. 0 O. 36

5

-17.8 O. 35

0

-17. 8 0.35

0

-30.0 O. 28

-22

-17. 8 O. 35

0

-30.0 O. 28

-22

a. The extreme maximum and minimum temperatures will be encountered during

periods of wind speeds tess than about 1 meter per second.

b. Based on worst month extreme

c. Based on hourly observations

d. Based on daily extreme (maximum or minimum) observations.

e. To be determined
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MAXIMUM AND MINIMUM SURFACE AIR TEMPERATURES

AT EACH HOUR FOR EASTERN TEST RANGE 4

Time

ia.m.

2

3

4

5

6

7

8

9

10

11

12 noon

lp.m.
2

3

4

5

6

7

8

9

10

11

12 mid

°C

28.

28.

29.

28.

28.

29.

30.

30.

31.

33.

35.

35.

37.

35.

35.

35.

35.

35.

33.

31.

30.

30.

30.

30.

Annual

Maximum

9

9

4

3

3

4

6

6

7

9

0

6

2

6

6

6

6

0

3

7

0

0

0

0

o F

84

84

85

83

83

85

87

87

89

93

95

96

99

97

97

97

97

95

92

89

86

86

86

86

°C

i.I

0.6

-1.1

-0. 6

-1.1

-I.I

-1.7

-2.2

-0.6

i.i

2.2

5.0

5.6

5.0

5.6

5.6

5.6

3.9

2.2

2.2

1.7

1.7

1.1

1.1

Annual

Minimum

o F

34

33

30

•29

28

27

26

25

28

30

35

41

42

41

42

42

42

39

36

36

35

35

34

34

. Based on 10 years of record for Patrick Air Force Base and

Cape Kennedy.
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(2) A 24-hour temperature change may occur as follows: An

increase of 16. I'C (29"F) in air temperature (wind speed under 5 m/sec) in

an 8-hour period, followed by 2 hours of constant air temperature (wind

speed under 5 m/sec), then a decrease of 21.7°C (39 ° F) in air temperature

(wind speed between 7 and 10 m/sec) in a i4-hour period.

2. 6.3 Surface (Skin) Temperature

The temperature of the surface of an object exposed to solar, day

sky, or night sky radiation is usually different from the air temperature
(Refs. 2. 9 and 2. 10). The amount of the extreme difference in temperature

between the object and the surrounding air temperature is given in Table 2. 8

and Figure 2. 4, Part A, for exposure to a clear night (or day) 5 sky or to the

sun on a clear day. Since the flow of air across an object changes the balance
between the heat transfers from radiation and convection-conduction between

the air and the object, the difference in the temperature between the air and

the object will decrease with increasing wind speed CRef. 2. 9). Part B of

Figure 2. 4 provides information for making the corrections for wind speed.

Values are tabulated in Table 2. 8 for various wind speeds.

2. 6. 4 Compartment Temperature

2. 6.4. 1 Introduction

A cover of thin material enclosing an air space will conduct heat to

(or remove heat from) the inside air when the cover is heated by solar radia-

tion (or cooled by the night sky). This results in the compartment air space

being frequently considerably hotter or cooler than the surrounding air. The

temperature reached in a compartment is dependent on the location of the air

space with respect to the heated surface, the type and thickness of the sur-

face material, the type of construction, and the insulation; i. e., an addition

of a layer of insulation on the inside surface of the compartment will greatly

reduce the heating or cooling of the air in the compartment space (Refs. 2. 11
and 2. 12).

2. 6. 4. 2 Compartment Extreme High Temperature

A compartment probable extreme high temperature of 87.8°C (190°F)

for a period of 1 hour and 65.6°C (150 ° F) for a period of 6 hours must be

considered at all geographic locations while aircraft or other transportation

equipment are stationary on the ground without air conditioning in the compart-

ment. These extremes will be found at the top and center of the compartment.

, Without the sun's rays striking, the daytime sky is about as cold as
the nighttime sky.
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2. 7 Data on Air Temperature Distribution with Altitude

Data on air temperature distribution with altitude are given in
Section XIV
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SECTION IIL HUMIDITY

By

Glenn E. Daniels

3. 1 Definitions. (Ref. 3. 1)

Dew point is the temperature to which a given parcel of air must be cooled

at constant pressure and constant water vapor content in order for saturation to

occur. Further cooling, below the dew point normally produces condensation
or sublimation.

Relative humidity is the ratio of the actual amount of water vapor in a given
volume of air to the amount of water vapor that the same volume of air at the

same temperature holds if saturated. Values given are in percent.

Vapor concentration [previously called absolute humidity (Ref. 3.2)] is the

ratio of the mass of water vapor present to the volume occupied by the mixture,

i. e., the density of the water vapor content. This is expressed in grams of

water vapor per cubic meter of air.

Water vapor is water in gaseous state.

3. 2 Vapor Concentration.

Water in vapor form in the atmosphere is invisible; however, the amount

of liquid water available from a volume of warm air near saturation is consider-

able and must be considered in design of space vehicles because:

a. Small solid particles (dust) which settle on surfaces cause condensa-

tion (frequently when the atmosphere is not at the saturation level) and will dis-

solve. The resultant solution may be corrosive. Galvanic corrosion resulting

from contact of dissimilar metals also takes place at a rapid rate in the presence

of moisture. The rate of corrosion of the surface increases with higher humidity

(Ref. 3.3). See Section X of this document for further details.

b. Humidity conditions can impair the performance of electrical equipment.

This may be by an alteration of the electrical constants of tuned circuits, deteri-

oration of parts (resistors, capacitors, etc. ), electrical breakdown of air gaps

in high-voltage areas, or shorting of sections by conductive solutions formed

from solid particles dissolving in the liquid formed.
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c. To growwell, bacteria andfungi usually require high humidities
associatedwith high temperatures.

d. A decreasein the temperature of the air to the dew point will result
in condensationof water from the atmosphere in liquid or frozen form. Consid-
erable difficulty may result from ice forming onspacevehicles whenmoist air
is cooledby the low temperature of the fuel, especially if pieces of this ice
shoulddrop into equipmentareas of the vehicle or supporting groundequipment
before or during takeoff. Optical surfaces (such as lenses of television cameras)
may becomecoatedwith water droplets or ice crystals.

Test specifications still use an accelerated humidity test of temperature

of 71. I°C (160°F) at a relative humidity of 95 percents5 percent for l0 cycles

of 6 hours each spread over a total period of 240 hours. This represents a dew

point of 68.9°C ( 156 ° F), values that are much higher than any natural extreme

in the world. Dew points above 32.2 ° C ( 90 ° F) are extremely unlikely in nature

( Ref. 3.4), since the dew point temperature is limited by the source of the

water vapor; i.e., the surface temperature of the water body from which the

water evaporates (Ref. 3.5). These tests with high temperatures can be

advantageously used only as an aggravated test if high temperatures are not

significant in the test after correlation of deterioration with that encountered

in natural extremes. Also, if the mass of the test object is large, moisture

may not condense on the test object because of thermal lag in the test object.

Therefore, referenced specifications for tests which require high temperature

must be carefully evaluated and should be used as guidelines along with this
document.

3.2.1 High Vapor Concentration at Surface.

a. Huntsville, River Transportation, New Orleans, Gulf Transportation,

Eastern Test Range, and Wallops Test Range:

(1) The following extreme humidity cycle of 24 hours with a wind

of less than 5 m sec -_ (9.7 knots) should be considered in design: Three hours

of 37.2 ° C ( 99 ° F) air temperature at 50 percent relative humidity and a vapor

corlcentration of 22.2 g m -3 (9.7 gr ft -s) ; six hours of decreasing air tem-

perature to 24.4°C (76 ° F) with relative humidity increasing to 100 percent

(saturation); eight hours of decreasing air temperature to 21.1 ° C (70 ° F),

with a release of 3.8 grams of water as liquid per cubic meter of air ( 1.7 gr
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of water per cubic foot of air), * humidity remaining at 100 percent; and seven

hours of increasing air temperature to 37.2 ° C ( 99* F) and a decrease to 50 per-
cent relative humidity (Fig. 3.1).

(2) An extreme relative humidity between 75 and 100 percent and

air temperature between 22.8°C (73°F) and 27.8°C (82°F), which would result

in corrosion and bacterial and fungal growths, can be expected for a period of
15 days. A humidity of 100 percent occurs one-fourth of the time at the lower

temperature in cycles not exceeding 24 hours. Any loss of water vapor from the
air by condensation is replaced from outside sources to maintain at least 75

percent relative humidity at the higher temperature.

b. Panama Canal Transportation:

(1) The following extreme humidity cycle of 24 hours with a wind

of less than 5 m sec -1 (9.7 knots) should be considered in design: Three hours

of 32.2°C (90*F) air temperature at 75 percent relative humidity, and a vapor

concentration of 25.4 g m -s ( 11.1 grft -s) ; six hours of decreasing air tem-

perature to 26.7 ° C ( 80 ° F) with relative humidity increasing to 100 percent;

eight hours of decreasing air temperature to 21.7°C (71" F) with a release of

6.3 grams of water as liquid per cubic meter of air ( 2.8 gr of water per cubic

foot of air) ,* humidity remaining at 100 percent; four hours of increasing air

temperature to 26.7°C (80 ° F) and a decrease to 75 percent relative humidity;

and three hours of increasing air temperature to 32.2" C ( 90 ° F) with the relative

humidity remaining at 75 percent (moisture added to air by evaporation, mixing,

or replacement with air of higher vapor concentration). See Figure 3.2.

(2) An extreme relative humidity between 85 and 100 percent and

air temperature between 23.9 ° C ( 75 ° F) and 26.1 ° C ( 79°F), which would result

in corrosion and bacterial and fungal growth, can be expected for a period of 30
days. The humidity should be 100 percent during one-fourth of the time at the

lower temperature in cycles not exceeding 24 hours. Any loss of water vapor

from the air by condensation is replaced from outside sources to maintain

at least 85 percent relative humidity at the higher temperature.

* The release of water as a liquid on the test object may be delayed for

several hours after the start of tills part of the test because of thermal lag in a

large test object. If the lag is too large, the test should be extended in.time for

each cycle to allow condensation.
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(3) Equipment shipped from the West Coast, through the Panama
Canal by ship may accumulate moisture (condensation) while in the ship's hold

because of the increasing moisture content of the air while traveling south to

the Panama Canal, and the slower increase of temperature of the equipment be-

ing transported. This condensation may result in corrosion, rusting, or other

deterioration of the equipment (Ref. 3.6). Extreme values of condensation are:

(a) Maximttm condensation conditions occur during the period

between December and March, but condensation conditions may occur during all

months.

(b) The maximum dew point expected is 30.0 ° C ( 86° F), with

dew points over 21.1 ° C (70°F) for ship travel of 6 days prior to arrival at the

Panama Canal from the west coast, and for the remainder of the trip to Cape

Kennedy.

e. The Space and Missile Test Center, West Coast Transportation,
and Sacramento:

(1) The following extreme humidity cycle of 24 hours with a wind

of less than 5 m sec -1 (9.7 knots) should be considered in design: Three hours

of 23.9 ° C ( 75 ° F) air temperature at 75 percent relative humidity and a vapor

concentration of 16.2 g m -3 (7.9 gr ft -3) ; sLx hours of decreasing air tem-

perature to 18.9°C (66°F) with relative humidity increasing to 100 percent;

eight hours of decreasing air temperature to 12.8 ° C ( 55 ° F) with a release

of 5.0 grams of water as liquid per cubic meter of air (2.2 gr of water per

cubic foot of air), * humidity at 100 percent; and seven hours of increasing air

temperature to 23.9°C (75 ° F) and the relative humidity decreasing to 75 per-

cent (Fig. 3.3).

(2) Bacterial and fungal growth should present no problem because

of the lower temperatures in this area. For corrosion, an extreme humidity

of between 75 and 100 percent relative humidity and air temperature between

18.3°C (65°F) and 23.3°C (74°F) can be expected for a period of 15 days.

The humidity should be 100 percent during one-fourth of the time at the lower

temperature in cycles not exceeding 24 hours. Any loss of water vapor from
the air condensation is replaced from outside sources to maintain at least 75

percent relative humidity at the higher temperature.

* See footnote, page 3.3
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d. White Sands Missile Range: This area is located at 1216 meters

(4000 ft) above sea level, and is on the eastern side of higher mountains. The

mean annual rainfall of 250 cm ( 10 inches) is rapidly absorbed in the sandy

soil. Fog rarely occurs. Therefore, at this location, a high-vapor concen-
tration need not be considered.

3.2.2 Low Vapor Concentration at Surface.

3.2.2.1 Introduction. Low water-vapor concentration can occur at very low

or at high temperatures when the air is very dry. In both cases, the dew points

are very low. However, in the case of low dew points and high temperatures,

the relative humidity is low. When any storage area or compartment of a

vehicle is heated to temperatures well above the ambient air temperature

(such as the high temperatures of the storage area in an aircraft standing on

the ground in the sun), the relative humidity will be even lower than the relative

humidity of the ambient air. These two types of low water-vapor concentrations

have entirely different environment effects. In the case of low air temperatures,

ice or condensation may form on equipment while in the high temperature-low

humidity condition; organic materials may dry and split or otherwise deteriorate.

When a storage area (or aircraft) is considerably warmer than the ambient

air (even when the air is cold), the drying increases even more. Low relative

humidities may also result in another problem -- that of static electricity.

Static electrical charges on equipment may ignite fuel or result in shocks to

personnel when discharged. Because of this danger two types of low water-

vapor concentrations (dry extremes) are given for the surface.

3.2.2.2 Surface Extremes of Low Vapor Concentration.

a. Huntsville, River Transportation, Wallops Test Range, and White

Sands Missile Range:

(1) A vapor concentration of 2.1 g m -3 ( 0.9 gr ft -3) , with an air

temperature of -11.7°C (+If°F) and a relative humidity between 98 and 100

percent for a duration of 24 hours, must be considered.

(2) A vapor concentration of 4.5 g m -3 ( 2.0 gr ft -8) , corresponding

to a dew point of -1. I*C (30°F) at an air temperature of 28.9*C (84°F) and a

relative humidity of 15 percent occurring for 6 hours each 24 hours, and a

maximum relative humidity of 34 percent at an air temperature of 15.6°C (60°F)

for the remaining 18 hours of each 24 hours for a 10-day period, must be con-

sidered.
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b. New Orleans, Gulf Transportation, Panama Canal Transportation,

and Eastern Test Range:

(l) A vapor concentration of 4.2 g m -3 ( 1.8 gr ft -3) , with an air

temperature of -2.2 ° C ( 28" F) and a relative humidity of 98 to 100 percent for

a duration of 24 hours, must be considered.

(2) A vapor concentration of 5.6 g m -3 ( 2.4 gr ft -3) corresponding

to a dew point of 2.2 ° C (36 ° F) at an air temperature of 22.2 ° C (72" F) and a

relative humidity of 29 percent occurring for 8 hours, and a maximum relative

humidity of 42 percent at an air temperature of 15.6" C ( 60 ° F) for the remaining

16 hours of each 24 hours for 10 days, must be considered.

c. Space and Missile Test Center:

(l) A vapor concentration of 4.2 g m -3 ( 1.8 gr ft -3) , with an air

temperature of -2.2°C (28 ° F) and a relative humidity of 98 to 100 percent for

a duration of 24 hours, must be considered.

(2) A vapor concentration of 4.8 g m -a ( 2.1 gr ft -3) , corresponding

to a dew point of 0.0 ° C (32 ° F) at an air temperature of 37.8 ° C ( 100 ° F) and a

maximum relative humidity of 26 percent at an air temperature of 21.1 ° C ( 70 ° F)

for the remaining 20 hours of each 24 hours for 10 days, must be considered.

d. West Coast Transportation and Sacramento:

(l) A vapor concentration of 3.1 g m -3 ( 1.4 gr ft -a) , with an air

temperature of -6. I°C (21 ° F) and a relative humidity of 98 to 100 percent for

a duration of 24 hours, must be considered.

(2) A vapor concentration of 10.1 g m -3 (4.4 gr ft-3), correspond-

ing to a dew point of 11.1 ° C (52°F) at an air temperature of 37.8 ° C ( 100 ° F) and

a relative humidity of 22 percent occurring for 4 hours each 24 hours, and a

maximum relative humidity of 55 percent at an air temperature of 21.1 ° C ( 70 ° F)

for the remaining 20 hours of each 24 hours for 10 days, must be considered.

3.2.3 Compartment Vapor Concentration at Surface.

A low water-vapor concentration extreme of 10.1 g m -3 (44. gr ft -3) ,

corresponding to a dew point of 11.1 ° C ( 52 °F) at a temperature of 87.8 °C

( 190 ° F) and a relative humidity of two percent occurring for one hour, a linear
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change over a four-hour period to an air temperature of 37.8 ° C (100°F) and a

relative humidity of 22 percent occurring for 15 hours, then a linear change

over a four-hour period to the initial conditions, must be considered at all

locations.

3.3 Vapor Concentration at Altitude.

In general, the vapor concentration decreases with altitude in the tropo-

sphere because of the decrease of temperature with altitude. The data given

in this section on vapor concentration are appropriate for design purposes.

3.3.1 High Vapor Concentration at Altitude.

The following table present the relationship between maximum vapor

concentration and the associated temperature normally expected as a function
of altitude (Ref. 3.7).

a. Maximum Vapor Concentrations for Eastern Test Range, Table 3.1.

b. Maximum Vapor Concentrations for Wallops Test Range, Table 3.2.

c. Maximum vapor concentrations for White Sands Missile Range,
Table 3.3.

TABLE 3.1. MAXIMUM VAPOR CONCENTRATION FOR

EASTERN TEST RANGE

Geometric

Altitude

(kin) (ft)

SRF (0. 005 MSL) (16)

1 3,300

2 6,600

3 9, 800

4 13,100

5 16,400

6 19, 700

7 23,000

8 26,2001

9 29, 500i

10 32,800

16.2 53, 100

20 65,600

Vapor

Concentration

(g m -3) (gr ft -3)

27.0 11.8

19.0 8.3

13.3 5.8

9.3 4.1

6.3 2.8

4.5 2.0

2.9 1.3

2.0 0.9

1.2 0.5
0.6 0.3

0.3 0.1

0.02_ 0.01

0.08 0.03

Temperature Associated

with Maximum Vapor

Concentration

(°C) (°F)

30.5 87

24.5 76

18.0 64

12.0 54

5.5 _:' 42

-0.5 I 31

-6.8 ! 20

-13.0 I 9
l

-20.0 I -4

-27.0 I -17
i

-34.5 ] -30
i

-57.8 I -72

-47.8 I -54
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TABLE 3.2. MAXIMUM VAPOR CONCENTRATION FOR

WALLOPS TEST RANGE

Geometric

Altitude

(km)

SRF (0.002 MSL)
I

2

3

4

5

6

7

8

9

10

16.5

20

TABLE 3.3.

(ft)

(8)

3,300
6, 600

9,800

13,i00

16,400

19, 700 _

23,000_
26, 2001

29, 500

32, 8OO

54, t00
65, 600

Vapor

Concentration

(g m -3) (gr ft -3)

22.5 9.8

20.0 8.7

13.9 6.1

10.3 4.5 ::
7.4 3.2

6.0 2.6

3.9 1.7
2.6 1.1

1.7 0.7

0.9 0.4

0.4 O.2

0.08 0.03

o.09 0.04

Temperature Associated

with Maximum Vapor
Concentration

('C)

27.5

26.1

17.2
12.8

7.8

2.8

-1.1
-5.0

-11.1

-17.8

-27.8

('F)

81

79
63

55

46

37
30

23

12

0
-18

-44

-43

MAXIMUM VAPOR CONCENTRATION FOR

WHITE SANDS MISSILE RANGE

Geometric

Altitude

(kin)

SRF (I.2 MSL)

2

3

4

5

6

7

8

9

I0

t6.5

20

(ft)

(3,989)

6,600

9, 800

13, 100

16,400

19, 700

23, 000

26,200

29, 500

32, 800

54,100

65, 600

Vapor

Concentration

(gr ft-3)

7.0

Temperature Associated

with Maximum Vapor

Concentration

13.2

9.0

6.8

4.9

3.4

2.2

1.3

0.6

0.2

0.08

0.05

5.8

3.9

3.0

2.1

1.5

1.0

0.4

0.3

0. I

(°C)

21.5

O. 03

0.02

18.9

12.8

7.8

2.2

-2.2

-10.0

-16.1

-22.8

-30.0

-47.8

-52.2

(°F)

70

66

55

46

36

28

14

3

-9

-22

-44

-47
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3.3.2 Low Vapor Concentration at Altitude

The values presented as low extreme vapor concentrations in the follow-

ing tables are based on data measured by standard radiosonde equipment.

a. Minimum Vapor Concentrations for Eastern Test Range, Table 3.4.

b. Minimum Vapor Concentrations for Wallops Test Range, Table 3.5.

c. Minimum Vapor Concentrations for White Sands Missile Range,
Table 3.6.

TABLE 3.4. MINIMUM VAPOR CONCENTRATIONS FOR

EASTERN TEST RANGE

Geometric

Altitude

(km)

SRF (0.005 MSL)

i

2

3

d

(ft)

(16)

3,300

6,600

9, 800

13, i00

Vapor

Concentration

(gr ft -3)

1.7

0.2

0. l

0.04

0.04

Temperature Associated

with Minimum Vapor

Concentration

(g m "3)

4.0

0.5

0.2

0.i

0.1

(°C)

29

6

0

-ll

-14

(°F)

84.2

42.8

32.0

12.2

6.8

TABLE 3.5. MINIMUM VAPOR CONCENTRATION FOR

WALLOPS TEST RANGE

Geometric

Altitude

(km)

SRF (0.002 MSL)

4

5
7.5

10

(ft)

(s)
3,300

6,600
9, 800

13,100

16,400
24,600

32,800

Vapor
Concentration

( gr ft -3)

0.2
0.1

0.1

0.1
0.1

0.04
0.03

0.007

Temperature Associated

with Minimum Vapor
Concentration

(g m -3)

0.5

0.3

0.2

0.2

0.2

0.I

0.08
0. 017

(°C)

-4

-11

-17
-23

-31
-39
-47

-6i

(°F)

24.8

12.2

1.4
-9.4

-23.8
-38.2
-43.9

-51.7
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TABLE 3.6. MINIMUM VAPOR CONCENTRATION FOR

WHITE SANDS MISSILE I_ANGE

Geometric

Altitude

(kin)

SRF ( 1.2 MSL)

2

3

4

5

6

7

8

9

10

(ft)

( 3, 989)

6,600

9, 800

13,100

16,400

19, 700

23,000

26,200

29,500

32,800

Vapor
Concentration

(gr ft -3)

0.5

0.4

0.3

0.2

0.1

0.04

0.03

0.03

0.01

0.01

Temperature Associated

with Minimum Vapor
Concentration

(g m -3)

1.2

0.9

0.6

0.4

0.2

0. i

0.09

0.07
0.03

0.O2

(°C)

-1

-5

-12

-20

-26

-36

-42

-49

-55

-60

(°F)

30.2

23.0

10.4

-4.0

-14.8

-37.8

-41.1
-45.0

-48.3

-51.1
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SECTION IV. PRECIPITATION

By

Glenn E. Daniels

4. l Definitions. ( Ref. 4.1)

Precipitation is defined as all forms of hydrometeors, whether liquid or

solid, which are free in the atmosphere and which may or may not reach the

ground. Accumulation is reported in inches of depth for liquid, or in inches of

depth of water equivalent, for frozen water particles.

Snow is defined as all forms of frozen precipitation except large hail; it en-

compasses snow pellets, snow grains, ice crystals, ice pellets, and small hail.

Hai._! is precipitation in the form of balls or irregular lumps of ice, and

is always produced by convective clouds. Through established convention, the

diameter of the ice must be 5 mm or more, and the specific gravity between

0.60 and 0.92 to be classified as hail.

Ice pellets are precipitation in the form of transparent, more or less

globular, hard grains of ice under 5 mm in diameter, that rebound when striking
hard surfaces.

Small hail is precipitation in the form of semitransparent, round or conical

grains of frozen water under 5 mm in diameter. Each grain consists of a nucleus

of soft hail (ball of snow) surrounded by a very thin ice layer. They are not

crisp and do not usually rebound when striking a hard surface.

P recipitable water is the total atmospheric water vapor contained in a
vertical column of unit cross-sectional area extending between any two specified

levels. It is usually given as inches of water (if vapor were completely condensed).

4. 2 Rain.

Although most long-duration rainfall world records (monthly or yearly)

have been for regions far removed from the areas of interest for large space

vehicle launch and test operations, the world maximum amount of short-duration

rainfall has occurred in the thunderstorms or tropical storms within the United

States, in the Gulf of Mexico, or in Canal Zone areas. A study of the rate of
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rainfall, compared with duration, shows that the average rate (per hour) de-

creases as the duration increases. Equipment must withstand both prolonged

soaking rain and brief downpours. The following precipitation values at an

air temperature between 21.1 °C ( 70 ° F) (night) and 32.2 °C ( 90 ° F) (day) are

adequate for most design problems, although considerably less than world

record extremes.

4.2. I Rainfall at Surface.

a. Extreme Amounts. The design rainfall for the areas of interest

are as follows:

(1) Huntsville, Eastern Test Range, SAMTEC, Sacramento,

West Coast Transportation, River Transportation, White Sands Missile Range,

and Wallops Test Range, rainfall information is given in Table 4. 1.

(2) Gulf Transportation, Panama Canal Transportation, and New

Orleans rainfall information is given in Table 4.2.

TABLE 4. i DESIGN RAINFALL RATES FOR HUNTSVILLE, EASTERN

TEST RANGE, SAMTEC, SACRAMENTO, WEST

COAST TRANSPORTATION, RIVER TRANSPORTATION,

WALLOPS TEST RANGE, AND WHITE SANDS MISSILE RANGE

Time Period 1 min 1 hour 24 hours

Total Amount (ram)

(in.)

Rate (mm/hr)

( in./hr)

Average Drop Diameter (ram)

Average Rate of Fall (m/see)

Peak Wind Speed (m/see)

Average Wind Speed (m/see)

7.6

0.3

456

18.0

3.8

8.5

20

6

64

2.5

64

2.5

2.6

7.3

20

6

305

12

13

0.5

2.0

6.4

20

4.5
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TABLE 4.2 DESIGN RAINFALL RATES FOR GULF TRANSPORTATION,

PANAMA CANAL, AND NEW ORLEANS

Time Period 1 min 1 hour 24 hours

Total Amount (mm)

(in. }

Rate (mm/hr)

( in./hr)

Average Drop Diameter (mm)

Average Rate of Fall (m/sec)

Peak Wind Speed (m/sec)

Average Wind Speed (m/sec)

12.7

0.5

762

30.0

4.1

8.8

20

6

102

4

102

4.0

2.9

7.6

20

6

508

20

21

0.8

1.8

6.1

20

4.5

b. Probability of Precipitation Not Exceeding Selected Amounts. The

probability of precipitation not exceeding selected amounts on any one day was

determined by a study of six years of data at Cape Kennedy, Florida. This

information is given in Table 4.3.

4. 2. 2 Rainfall at Altitude.

Rainfall rates normally decrease with altitude when rain is striking

the ground. The rainfaD rates at various altitudes in percent of the surface

rates are given in Table 4. 4 for all areas ( Ref. 4. 2).

The precipitation above the ground is generally colder than at the

ground and frequently occurs as supercooled drops which can cause icing on any
object moving through the drops. Such icing can be expected to occur when the

air temperature is -2.2" C (28 ° F). The amount of icing (i. e., rate of formation}

is related to the speed and shape of the object. For the geographic areas

considered in this report, these conditions usually occur between 3 and 10 km
altitude.
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TABLE 4. 3 PROBABILITY THAT PRECIPITATION WILL NOT

EXCEED A SPECIFIC AMOUNT IN ANY ONE

DAY, EASTERN TEST RANGE

AMOUNT

(Inches)
MONTH

JAN FEB MAR APR MAY JUNE

% % % % % %

0.00 79. 0 75. 7 68. 8 75. 6 76. 3 59.4

0. 05 86.6 82. 8 73. 7 85. 5 84. 4 68. 9

0.20 90. 3 86. 4 80. 1 90. 0 91.4 74. 4

0.50 93. 0 89. 3 87.1 95. 0 95. 7 86. 1

1.00 96.2 96. 4 95.7 97.8 99. 5 96. 1

2.00 98. 9 100.0* 98. 9 100.0* 100. 0* 98. 9

5. 00 100. 0* 100.0* 99. 5 100. 0* 100. 0* 100.0*

AMOUNT

(Inches) MONTH

JULY AUG SEPT OCT NOV DEC

7. % 7° 7o 7° 7o

0.00 61.8 59.1 52. 8 65. 6 75. 0 75. 8

0.05 69.4 66. 1 63. 3 73. 1 81.7 86. 6

0.20 79.6 74. 7 73. 3 82. 3 89. 4 92. 5

0.50 87.1 83. 9 83. 9 90. 3 92. 8 95. 7

1.00 94. 1 92. 5 93. 9 96. 8 96. 7 98.4

2.00 97.3 98.4 97.8 100. 0* 100. 0* 100. 0_'

5.00 100.0* 100.0* 100.0* 100.0* 100. 0* 100.0*

* Although the available data records indicate no chance of exceeding certain
amounts of precipitation during most of the months, it should be realized that

the length of data studied is not long and that there is always a chance of any

meteorological extreme of record being exceeded.
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TABLE 4. 4 DISTRIBUTION OF RAINFALL RATES WITH

HEIGHT FOR ALL LOCATIONS

Height (Geometric)
Above Surface (km)

SRF

1

2

3

4

5

6

7

8

9

10 and over

Percent of

Surface Rate

100

90

75

57

34

15

7

2

1

0.1

<0.1

4. 3 Snow..........._..

The accumulation of snow on a surface produces stress. For a fiat hori-

zontal surface, the stress is proportional to the weight of the snow directly above

the surface. For long narrow objects, such as pipes or wires lying horizontally

above a fiat surface (which can accumulate the snow), the stress can be figured

as approximately equal to the weight of the wedge of snow with the sharp edge

along the object and extending above the object in both directions at about 45

degrees to the vertical. (In such cases, the snow load would be computed for

the weight of the snow wedge above the object and not the total snow depth on

the ground.) The weight of new fallen snow on a surface varies between 0.5

kg m -2 per cm of depth ( 0.25 lb ft -2 in. -1) and 2.0 kg m -_- per cm of depth

( 1.04 lb ft -2 in. -1) , depending on the weather situation at the time of snowfall.

When the amount is sufficient to be important in load design, the weight on the

surface is near 1.0 kg m -z cm -1 ( 0.52 [b ft -2 in.-1). Snow on the ground be-

comes more dense, and the depth decreases with time.



4.6

4. 3. i Snow Loads at Surface.

Maximum snow loads for the following areas are:

a. Huntsville, Wallops Test Range, and River Transportation areas.

For horizontal surfaces a snow load of 25 kg m -2 ( 5.1 lb ft -2) per 24-hour

period (equivalent to a 10-inch snowfall) to a maximum of 50 kg m -2 ( 10.2 lbft -2)

in a 72-hour period, provided none of the snow is removed from the surface during
the period, should be considered for design purposes.

b. New Orleans, West Coast Transportation, White Sands Missile Range,
and Sacramento areas. For horizontal surfaces, a maximum snow load of 10 kg

m -2 (2. 0 lb ft -2) per one 24-hour period, should be considered for design
purposes.

4. 3. 2 Snow Particle Size.

Snow particles may penetrate openings (often openings of minute size)

in equipment and cause malfunction of mechanical or electrical components,

either before or after melting. Particle size, associated wind speed, and air
temperature to be considered are as follows:

a. Huntsville, Wallops Test Range, and River Transportation areas.

Snow particles 0.1 mm ( 0.0039 in. ) to 5 mm( 0. 20 in. ) diameter; wind speed
10 m sec -1 ( 19 knots) ; air temperature -17.8°C (0 ° F).

b. New Orleans, West Coast Transportation, White Sands Missile Range,

and Sacramento areas. Snow particles 0.5 mm( 0. 020 in. ) to 5 mm( 0.20 in. )

diameter; wind speed 10 m sec -1 ( 19 knots) ; air temperature -5.0 ° C (23 ° F).

4. 4 Hail.

Hail is one of the most destructive weather forces in nature, being exceeded
only by hurricanes and tornadoes. Hail normally forms in extremely well-

developed thunderstorms during warm weather and rarely occurs in winter months

or when the air temperature is below 0°C (32 ° F). Although the average diameter

of hailstones is 8 mm ( 0. 31 in. ) ( Ref. 4. 3 ) , hailstones larger than 12.7 mm
(0.5 in. ) in diameter frequently fall, while stones 50 mm (2. 0 in. ) in diameter

can be expected annually somewhere in the United States. The largest measured

hailstone in the United States was 137 mm( 5. 4 in. ) in diameter and had a weight
of 0. 68 kg ( 1.5 lb) (Refs. 4. 4, 4. 5 and 4. 6). Three environmental effects on

equipment must be considered:
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The accumulation of hail, as with snow, stresses the object by its weight.
Although hail has a higher density than snow, 2.4 kg m -2 cm -1 ( 1.25 lb ft "2 in. -1),

the extreme load from hail will not exceed the extreme snow load at any area of

interest; therefore, the snow load design will adequately cover any hail loads

expected.

Large hailstones, because of weight and velocity of fall, are responsible

for structural damage to property (Ref. 4.7). To actually designate locations

where hailstones, with specific sizes of hail, will fall is not possible. However,

the following information can be used as a guide for design and scheduling ( these

values are most applicable to the design of ground support equipment and protec-

tive covering for the space vehicles during the transporting of vehicles between

Huntsville and New Orleans). Hail as an abrasive is discussed in Section VI.

4. 4. i Hail at Surface.

a. Huntsville, River Transportation, Gulf Transportation, New Orleans,

Wallops Test Range, and White Sands Missile Range.

(1) A maximum hailstone size of 50 mm (2 in.) in diameter with an

occurrence probability of one time in 15 years.

(2) Damaging hailstorms occur most frequently between 3 p. m.

and 9 p.m. during May through September. April is the month of highest

frequency-of-occurrence of hailstorms for Huntsville, River Transportation,

and Gulf Transportation. March is the month of highest frequency-of-occurrence

of hailstorms for White Sands Missile Range, and May is the month of highest

frequency-of-occurrence of hailstorms for Wallops Test Range.

(3) The period of large hail (over 25 mm in diameter) will not be
expected to last more than 15 minutes and should have a maximum total accumu-

lation of 50 mm (2 in. ) for depth of hailstones on horizontal surfaces.

(4) Velocity of fall equals 30. 5 m sec -1 ( 100 ft sec -1) for each stone.

(5) Wind speed equals 10 m sec -i (33 ft sec-1).

(6) Density of hailstones equals 0.80 g cm -3 (50 lb ft -3) .
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b. Eastern Test Range.

(1) A maximum hailstone size of 25.4 mm ( 1 in. ) in diameter with

an occurrence probability of one time in 30 years may be expected.

(2) Damaging hailstones occur most frequently between 3 p.m. and

9 p.m. during April through June. May is the month of highest frequency-of-
occurrence for hailstorms.

(3) The period of large hail will not be expected to last more than
15 minutes and should have a maximum total accumulation of 12.5 mm ( 0. 5 in. )

for depth of hailstones on horizontal surfaces.

(4) Velocity of fall equals 20 m sec -1 ( 66 ft sec -1) for each stone.

(5) Wind speed equals 10 m sec -1 (33 ft sec -1).

(6) Density of hailstones equals 0.80 g cm -3 (50 lb ft-_).

4. 4. 2 Distribution of Hail with Altitude.

Although it is not the current practice to design space vehicles for flight

in thunderstorms, data on distribution with altitude are presented as an item of

importance. The probability of hail increases with altitude from the surface to

5 km and then decreases rapidly with increasing height. Data on Florida

thunderstorms, giving the number of times hail was encountered at various

altitudes during aircraft flights (Ref. 4. 8), are given in Table 4. 5 for areas

specified in paragraph 4. 4. 1.

TABLE 4. 5 DISTRIBUTION OF HAIL WITH HEIGHT

FOR ALL LOCATIONS (Ref. 4. 8)

Height (Geometric)
Above Surface (kin)

2

3

5

6

8

Occurrence of Hail

(percent of flights

through thunderstorms)

0

3.5

10

4

3



4.9

RE FERENCES

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

American Meteorological Society: "Glossary of Meteorology." Boston,
Massachusetts, 1959.

Handbook of Geophysics. Revised Edition, the MacMillan Company, New

York, 1960.

Vaughan, William W. : "Distribution of Hydrometeors with Altitude for

Missile Design and Performance Studies." ABMA DA-TM-138-59,

1959, Army Missile Command, Huntsville, Alabama.

Sonter, Robert K. ; and Emerson, Joseph B. : "Summary of Available Hail

Literature and the Effect of Hail on Aircraft in Flight." NASA TN-2734,

Langley Aeronautical Laboratory, Langley Field, Virginia, 1952.

United States Weather Bureau and Corps of Engineers, "Thunderstorm

Rainfall." Hydrometeorological Report No. 5, Hydrometeorological

Section, 2 parts, Waterways Experiment Station, Vicksburg, Mississippi,
1947.

1941 Yearbook of Agriculture, "Climate and Man." United States Department

of Agriculture, United States Government Printing Office, Washington, D.C.,
1941.

National Summary, Annual 1960, "Climatological Data." United States

Department of Commerce Weather Bureau, t 960.

Byers, Horace R. ; and Braham, Jr., Roscoe R. : "The Thunderstorm."

United States Government Printing Office, Washington 25, D. Co, t949.



5.1

SECTIONVo WIND

By

Margaret B. Alexander, S. Clark Brown, Dennis W. Camp,

Glenn E. Daniels, George H. Fichtl, Kelly Hill,

John Kaufman, Orvel E. Smith, and William W. Vaughan

5. 0 Introduction

A space vehicle Wsresponse to atmospheric disturbances cannot

be reduced to the evaluation of one set of response criteria, such as vehicle

loads, but it must include many response parameters, the choice of criteria

(parameters) depending upon the vehicle configuration and the specific mission.

It is also impractical to use only one response calculation method for all phases

of vehicle design. Therefore, the studies must be separated into their various

phases and parts, using different approaches and methods of evaluation, as the

particular phase demands. Although not independent, these phases include

(1) preliminary design, (2) final structural design, (3) guidance and control

system design and optimization (preliminary and final), and (4) establishment

of limits and procedures for launch and flight operations. Thus, the proper

selection, representation, and use of wind information require the skillfully

coordinated efforts of aerospace meteorologists and engineers.

Winds are characterized by three-dimensional motions of the air,

accompanied by large temporal and spatial variations. The characteristics

of these variations are a function of synoptic conditions, atmospheric stability,
and season, as well as the geographic location of the launch site. It is neces-

sary, therefore, to use good technical judgment and to consider the engineering

application of the wind data in preparing criteria that are descriptive and yet

concise. The wind environment affects the various vehicle design and opera-

tional problem areas in a different manner and requires a unique interpreta-

tion and application of the data for each analysis.

During the initial and intermediate phases of the development cycle,

the synthetic ground and inflight wind criteria concept has its major value and

contribution to the design. Although a certain overall vehicle performance

capability in terms of probability may be mentioned as a guideline, it is not

realistic to expect a design to be developed that will precisely meet this

specified performance capability because of the many unknowns in the vehicle

characteristics and design criteria. With the status of current space vehicle

technology it is not possible to make, as a result of design procedures or tests,
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a candid statement about the specific calculated overall design risk or

operational capability of a space vehicle. Therefore, it makes good engineering

sense to establish a set of idealized or synthetic ground and inflight wind

characteristics, which include such features as wind magnitude versus height of

profile, gust factors, turbulence spectra, wind shears, and directional features

of the wind. They may then be referenced and used in a consistent manner to

establish the preliminary and intermediate designs necessary to ensure

accomplishment of the expected range of missions for the vehicle development.

Furthermore, they assist in isolating those aspects of the wind structure

critical to a vehicle design area.

It is currently the accepted practice, which is further endorsed by this

report, to use the synthetic wind criteria approach described herein for NASA

space vehicle developments during the preliminary and intermediate design

phases. These criteria should be carefully formulated to ensure that the

appropriate data are employed for vehicle studies in order to be consistent

with the degree of resolution available from other vehicle input criteria and the

structural/control system simulation models. The synthetic wind profile

features may readily be employed to isolate specific design problem areas

without resorting to elaborate computations, which are not justified with

respect to the other unknown system parameters. In addition, by use of this

approach, the designer may, for example, closely approximate the steady-

state wind limits for a design or operational configuration. The other features

of the wind forcing function may be accommodated with a specified risk level.

Using these steady-state wind limits, a multitude of mission and performance

analysis studies can rapidly be accomplished relative to launch windows, etc.,

using the entire available historical record from the steady-state inflight wind

(rawinsonde) or ground wind measurement systems. Such records, described
in this section, are available for all major launch areas. These statistical

records and the synthetic profile concept are also adequate for bias of pitch

and yaw programs, range safety studies, preliminary abort analysis, and

related space vehicle operational problems.

When adequately documented and referenced, the synthetic wind criteria

concept provides a powerful tool for ensuring consistent design inputs for all

users, and it essentially avoids the problem of any oversight errors, which

may be very costly to correct in later development phases. Furthermore,

they enable various design teams to simultaneously conduct studies and to

compare their results on a common basis.

During the latter stages of a vehicle development program, when
adequate vehicle response data are available, it is considered highly desirable,

if not mandatory, to simulate the vehicle flight and response to actual wind
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velocity profiles. However, thesewind profiles shouldcontain an adequate
frequency content through at least the vehiclets first bendingmoment frequency.
Otherwise, only another preliminary design approximation is derived, and no

specific new design information is obtained relative to the synthetic wind pro-

file concept. The current acceptable practice is to use a selection of detailed

inflight wind profiles (resolution to at least one cycle per 100 meters) obtained

by the FPS-16 Radar/Jimsphere technique for the major launch range(s) of

concern. These data and their availability are discussed elsewhere in this

document. The number of flight performance simulations and detailed wind

profiles selected will depend upon the particular vehicle and the design pro-

blem involved and how well the vehicle characteristics were established during

the preliminary and intermediate design work. The vehicle simulation to

detailed inflight wind profiles should constitute, essentially, a verification of

the design. It should provide the design organization with added confidence

in the capability of the vehicle design and enable them to isolate any critical

areas requiring further indepth study to refine the control and structural

systems. The profiles used should constitute a selection from the available

detailed wind profile records. This selection should be based upon the mission

objectives and should be established through discussions between the affected

design group and the cognizant organization concerned with wind criteria.

For the prelaunch simulation and flight evaluation of a space vehicle

relative to the inflight wind environment, it is recommended that established

ground wind reference height anemometers and detailed inflight wind profiles

measured by the FPS-16 Radar/Jimsphere system be used to provide adequate

resolution, accurate data, timely measurements, and rapid reduction scheme,

ensuring a prompt input into the prelaunch simulation program and flight

evaluation. It is during the prelaunch phase that accurate and near real-time

wind data are mandatory, especially if an almost critical launch wind condition

exists. The consequences are obvious. Furthermore, adequate flight evalua-

tions cannot be made without timely and accurate launch wind data.

The above remarks are intended to reflect some currently accepted

engineering practices for use of available wind data in the design, develop-

ment, mission analysis, prelaunch, and flight evaluation phases of a space

vehicle program. It is apparent that the wind input employed in terms of

resolution, accuracy, representativeness, etc., will depend upon the status

of abe space vehicle designWs use of reliable data that are consistent with the

design requirements at the particular stage of development. An understanding

of the use and limitations of wind data in making engineering decisions is

required for the design of a space vehicle for a given mission objective(s).

This can only be accomplished through a team relationshi p between the design

engineer and meteorologist concerned with wind criteria.
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The information given in thissection constitutes guidelines for data that

are applicable to various design problems. The selected risk levels employed

to determine those characteristics of the ground and inflightwinds used in the

design are a matter of organizational design philosophy and management

decision. To maximize performance flexibility,itis considered best to

utilizethose data associated with the minimum acceptable risk levels. In

addition, such criticalmission related parameters as vehicle free-standing

period, launch windows, and launch turnaround period should be carefully

considered. Initialdesign work using unbiased (wind) trajectories on the basis

of nondirectional ground or inflight winds is recommended unless the vehicle

and its mission are well known and the exact launch azimuth and time(s) are

established and rigidly adhered to throughout the project. In designs that use
wind-biased trajectories and directional wind criteria, rather severe wind

constraints can result if the vehicle is used for another mission, different

flight azimuths, or in another configuration. Therefore, caution must be

exercised in the employment of wind data to ensure consistency with the physi-

cal interpretation relative to the specific design problem. References 5. 1,

5.2, 5.3, 5.4, and 5. 5 are a few of the many works related to the problems

involved in using wind in space vehicle design programs.
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5. 1 Definitions

The following terms are used in this section with the meanings
specified here.

5. 1.1 Ground Winds

Ground winds are, for purposes of this document, winds below

a height of about 150 meters above the natural grade.

Average wind speed -- See steady-state wind speed.

Gus..._tis a sudden increase in the ground wind speed. It is fre-
quently stated with respect to a mean wind speed. A sudden decrease in the

wind speed is sometimes referred to as a gust (negative).

Free-standin_ winds are the ground winds that are applied when

the vehicle is standing on the launch pad (with or without fuel), after any

service structure, support, or shelter has been removed.

Gust factor is the ratio of peak ground wind speed to the average

or mean ground wind speed over a finite time period.

Launch design winds are the peak ground winds for which the

vehicle can be launched, normally involving a stated design wind at a reference

height plus the associated 3 _ (~ 99. 9T0) peak wind profile shape.

On-Pad winds are the ground winds that are applied when the

vehicle is on the launch pad with protective measures in place, i.e., service

structures, support, or shelter.

Peak wind speed is the maximum (essentially, instantaneous)

wind speed measured during a specified reference period, such as hour, day,
or mouth.

Steady-state or average wind speed is the mean over a period

of about 10 minutes or longer, of the wind speed measured at a fixed height.

T_ is usually assumed constant as, for example, in spectrum calculations.

Thus, the steady-state or average wind should be the mean which filters out,

over a sufficient duration, the effects that would very definitely contribute

to the random responses of aerospace vehicles and structures. The average
wind speed is sometimes referred to as quasi-steady-state winds.
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Reference height (ground winds) is the height above the ground

surface (natural grade) at which wind speeds are referred for establishing

climatological conditions, reference for construction of design wind profiles,

and statements of a space vehicle's wind constraints. Normally during the

design and development phase a reference height near the base of the vehicle

is used. After completion of vehicle development, the operational constraints

are stated with respect to a reference height near the top of the vehicle, the
height of which is now established.

Causes of high ground winds are summarized as follows:

a. Tornadoes: Upper limit unknown; estimated ~103 m/sec (200 knots).

b. Hurricanes: By definition, a tropical storm with winds > 33 m/sec

(64 knots), upper limit unknown; estimated ~ 82 m/sec (160 knots).

c. Tropical Storms: By definition, a storm with winds < 33 m/sec
(64 knots) and > 17 m/sec (34 knots).

d. Thunderstorms: Upper limit not defined; typical values ~ 23 m/sec

(45 knots) ; severe thunderstorm by definition > 26 m/sec (50 knots).

e. Frontal Passages: Without thunderstorms; typical to 18 m/sec

(35 knots), with squalls same as for thunderstorms.

f. Pressure Gradients: Long duration winds; wind to ~ 31 m/sec

( 60 knots).

5. 1.2 Inflight Winds

Infli_ht winds are those winds above a height of about 150 meters.

Design verification data tapes are a selection of detail wind profile
data compiled from FLUS-16 Radar/Jimsphere data records for use in vehicle

final design verification analysis. They consist of a representative monthly

selection of wind profiles from which the integrated response of a vehicle to

the combined effect of speed, direction, shear, and turbulence (gusts) may be

derived. It has application to computation of absolute values of launch prob-

ability for a given vehicle.

Design wind speed profile envelopes are envelopes of scalar or

component wind speeds representing the extreme steady-state inflight wind

value for any selected altitude that will not be exceeded by the probability

selected for a given reference period.
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Detail wind profileis a wind profile measured by the FPS-16

Radar/Jimsphere or equivalent technique and having a resolution to at least

one cycle per i00 meter. Application intended for finaldesign verification

purposes and launch delay risk calculations.

Steady-state infli_htwind, in thisdocument, refers to the mean

wind speed as computed by the rawinsonde system and averaged over approxi-

mately 600 meters in the verticaldirection.

Reference height (infli_htwinds) is thatreferred to in construct-

ing a synthetic wind profile.

Scale-of-distance is the vertical distance between two wind

measurements (thickness of layer) used in computing wind shears.

Serial complete data represent the completion of a sample of

rawinsonde data (selected period) by fillingin (inserting) missing data by

interpolation,by extropolation, or by use of data from nearby stations. Such

an operation is performed by professional meteorological personnel familiar
with the data.

Shear build-up envelope is the curve determined by combining

the reference height wind speed from the wind speed profile envelope with the

shears (wind speed change) below the selected altitude (reference height).

The shear build-up envelope curve starts at zero altitudedifference (scale of

distance) and zero wind speed and ends at the design wind speed value at the

referenced altitudefor inflightwind response studies.

Synthetic wind speed profile is a design wind profile representing

the combination of a reference height design wind with associated envelope

shears (wind speed change) and gusts for engineering design and mission

analysis purposes.

Wind shear wind speed chan_e envelopes represents the value of

the change in wind speed over various increments of altitude ( 100 to 5000 m),

computed for a given probability level and associated reference height or
related wind speed value at the reference height. These values are combined,

and an envelope of the wind speed change is found useful in constructing

synthetic wind profiles. Usually the 99 percentile or larger probability levels

are used for design purposes.

5.1.3 Gener_

Calm winds are these with a wind speed of less than 0.5 m/sec

( 1 knot).
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Component wind speed is the equivalent wind speed that any
selected wind vector would have if resolved to a specific direction, that is, a

wind from the northeast (45-deg azimuth) of 60 m/sec would have a compo-

nent from the east (90-deg azimuth) of (60) cos 45 deg = 42. 4 m/sec. This

northeast wind would be equivalent to a 42. 4 m/sec head wind on the vehicle,

if the vehicle is launched on an east (90-deg) azimuth.

Percentile is the percentage of time that a variable does not

exceed a given magnitude. Section I, page 1.8 of this document should also be

consulted for more details on percentiles and probabilities. The following

relationships exist between probabilities and percentiles in a normal distri-
bution function:

Prob ability Level Percentile

Minimum 0. 000

Mean - 3a (standard deviation) 0. 135

Mean - 2a ( standard deviation) 2. 275

Mean - la ( standard deviation) t5. 866

Mean ± 0 _ ( standard deviation) 50. 000

Mean + 1 a ( standard deviation) 84. 134

Mean + 2 cr ( standard deviation) 97. 725

Mean + 3 cr ( standard deviation) 99. 865

Maximum 100. 000

Scalar wind speed is the magnitude of the wind vector without

regard to direction.

Wind direction is the direction from which the wind is blowing,
measured clockwise from true North.

Windiest monthly reference period is any month that has the
highest wind speeds at a given probability level.

Wind shear is equal to the difference between wind speeds

measured at two specific locations, that is, the rate of change of wind speed
with height (vertical wind shear) or distance (horizontal wind shear).
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5.2 Ground Winds (0-150 m)

5. 2. 1 Introduction

Ground winds for space vehicle application are defined in this

report as those winds in the Lowest 150 meters of the atmosphere. A vehicle

positioned vertically on-pad may penetrate this entire region. Therefore, it
is necessary to model the structure of the atmosphere in the vehicle ts vicinity.

This requirement exists because of the complicated and possibly critical

manner in which a vehicle responds to certain wind profile configurations, both

while it is stationary on the launch pad and while in the first few seconds of

launch, especially for vehicle clearance of the service structure. The problem,

therefore, may be resolved initially into the basic identification of the wind

speed profile and its behavior within the 150-meter layer.

Until recently, several years of average wind speed data measured at

the 10-meter level above ground were the only available records with which to

develop design and launch ground wind profile criteria. With the evolution of

larger and more sophisticated space vehicles, the requirements for more

adequate wind profile information have increased. For example, to fulfill the

need to provide improved ground wind data, a 150-meter ground wind tower

facility was constructed on Merritt Island, Kennedy Space Center, Florida,

in close proximity to the Apollo/Saturn launch complex 39. Wind and tempera-

ture profile data from this facility have been used in many new studies that

have contributed to a significant portion of the information in this chapter on

wind profile shaping, gusts, and turbulence spectra. Similar towers are in

operation at the various national ranges.

Since ground wind data are applied by space vehicle engineers in

various ways and degrees, dependent upon the specific problem, there are

several analyticaltechniques utilizedto obtain the results presented here.

Program planning, for instance, requires considerable climatological insight

to determine the frequency and persistence distributions for wind speeds and

wind directions. However, for design purposes the space vehicle must with-

stand certain unique predetermined structural loads that are generated from

exposure to known peak ground wind conditions. Ground wind profiles and

the ground wind turbulence spectra contribute to the development of the design

ground wind models. Surface roughness, thermal environment, and various

transient local and large-scale meteorological systems influence the ground

wind environment for each launch site. Other pertinent ground wind studies

have been performed on wind gusts and associated duration times that directly

affectthe response characteristics of space vehicles.
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In general during the early design and development phase of a space
vehicle the g-round wind criteria should be referenced to a level near the base

of the vehicle when standing vertical on the launch pad; for example, an

18.3-meter level is frequently used for the Cape Kennedy area. This presents

a reference level design wind speed and associated wind profile to be defined

that is readily usable during the design phase when length of vehicle is not well

established. During the operational phase, after the vehicle length has been

fixed at a specific height above the launch pad, then the ground wind operational

constraint should be referenced to a level near the top of the vehicle.

5.2.2 Considerations in Ground Wind Design Criteria

To establish the ground wind design criteria for aerospace
vehicles, several important factors must be considered.

a. Where is the vehicle to operate? What is the launch location?

b. What are the proposed vehicle missions ?

c. How many hours, days, or months will the vehicle be
exposed to ground winds ?

d. What are the consequences of operational constraints that
may be imposed upon the vehicle because of wind constraints ?

e. What are the consequences if the vehicle is destroyed or
damaged by ground winds ?

f. What are the cost and engineering practicalities for design-

ing a functional vehicle to meet the desired mission requirements ?

g. What is the risk that the vehicle will be destroyed or damaged
by excessive wind loading?

In view of this list of questions or any similar list that a design group

may enumerate, it becomes obvious that in establishing the ground wind

environment design criteria for a space vehicle an interdisciplinary approach

between the several engineering and scientific disciplines is required; further-

more, the process is an iterative one. To begin the iterative process,
specific information on ground winds is required.
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5.2.3 Introduction to Exposure Period Analysis

Valid, quantitative answers to such questions as the following

are of primary concern in the design, mission planning, and operations of
space vehicles.

a. How probable is it that the peak surface wind at some

specified reference height will exceed (or not exceed) a given magnitude in

some specified time period?

b. Given a design wind profile in terms of peak wind speed

versus height from 10 to 150 meters, how probable is it that the design wind

profile will be exceeded in some specified time period?

Given a statistical sample of peak wind measurements for a specific

location, the first question can be answered in as much detail as a statistical

analyst finds necessary and sufficient. This first question has been thoroughly

analyzed for Cape Kennedy, but only partially for the other locations of interest.

The analysis becomes considerably more complex in answering the

second question. A wind profile model is required, and, to develop the model,

measurements of the wind profiles by properly instrumented ground wtnd
towers are required as well as a program for scheduling the measurements

and data reduction. Every instantaneous wind profile is unique; similarity is

a matter of degree. Given the peak wind speed at one height, there is a whole

family of possible profiles extending from the specified wind. For each speci-

fied wind speed at a given height, there is a statistical distribution of wind

profiles. Recommended profile shapes for Cape Kennedy and other locations
are given in this report. The analysis needed to answer the second question

is not complete, but we can assume that, given a sufficient period of time, the

design wind profile shape will occur for a specified wind speed at a given height.

In the event that a thunderstorm passes over the vehicle, it is logical to assume

that the design wind profile shape will occur and that the chance of the design

wind profile being exceeded is the same as the probability that the peak wind

during the passage of the thunderstorm will strike the vehicle or point of
interest.

From a statistical 10-year sample of thunderstorm events for Cape

Ke,nedy, including the beginning and ending times of thunderstorms, the peak

winds during each thunderstorm event, a code indicating whether more than

one thunderstorm was observed for each event, weather, and other related

phenomena, the percentage of days that had one or more thunderstorm events

and the statistical values for samples of (1) daily peak winds for nonthunder-
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storm days, (2) daily peakwinds for thunderstorm days, (3) daily peakwinds
on all days, and (4) daily peak thunderstorm wind speedsfor monthly and
seasonal reference periods havebeencomputed. Reference 5.5A contairis
thesedata and additional data on the subject.

5.2.4 Development of Extreme Value Samples

It has been estimated from wind tunnel tests that only a few

seconds are required for the wind to produce steady drag loads on a vehicle

such as the Saturn V in an exposed condition on the launch pad. Because of

vortex shedding, a steady wind as low, for example, as 9 m/sec (18 knots)

blowing for 15 or more seconds may introduce dynamic loads on a vehicle

while it is in some configurations. For these and other reasons (subsection

5.2. 5), we have adopted the peak wind speed as our fundamental measure-

ment of wind. More important, when the engineering applications of winds

can be made in terms of peak wind speeds, it is possible to obtain an appropri-

ate statistical sample that conforms to the fundamental principles of extreme

value theory. One hour is a convenient time interval from which to select
the peak wind.

5.2.4.1 Envelope of Distributions

In the development of the statistics for peak winds, it was

recognized that the probability of hourly, daily, and monthly peak winds exceed-

ing (or not exceeding) specified values varied with time of day and from month
to month. In other words, the distributions of like variables were different for

the various reference periods. Even so, the Gumbel distribution was an

excellent fit to the samples of all hourly, daily, monthly, bimonthly (in two

combinations), and trimonthly (in three combinations) periods taken over the

complete period of record, justifying the presentation of these distributions;

they serve as a basic reference for the statistics of peak wind for the annual

reference period. However, in establishing vehicle wind design criteria for

the peak winds versus exposure time, it is desired to present a simple set of

wind statistics in such a manner that every reference period and exposure

time would not have to be examined to determine the probability that the largest

peak wind during the exposure time would exceed some specified magnitude.

To accomplish this objective, envelopes of the distributions of the largest peak
winds for various time increments from which the extremal6 were taken for

the various reference periods were constructed.

From the continuously recording charts, the highest instantaneous

wind speed (and associated direction) that occurred during each hour was

selected for the data sample. The resulting sample of hourly peak wind

speeds (and associated directions) has only been completed for Cape Kennedy.
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Selected envelopes of distributions are given in subsection 5. 2. 5. It

is recommended that these envelopes of distributions be used for vehicle wind

design considerations. This recommendation is made under the assumption

that it is not known what time of day or season of year critical vehicle opera-

tions are to be conducted; furthermore, it is not desirable to design a vehicle

to operate only during selected hours or months. Should all other design alter-
natives fail to lead to a functionally engineered vehicle with an acceptable risk

of not being over stressed by wind loads, then distributions for peak winds

by time of day for monthly reference periods may be considered for limited

missions. For vehicle operations, detailed statistics of peak winds for speci-

fic missions are meaningful for management decisions, in planning the mis-

sion, and in establishing mission rules and alternatives to the operational

procedures. To present the wind statistics for these purposes is beyond the

scope of this document. Each space mission has many facets that make it

difficult to generalize and to present the statistics in brief form. Specific

data for these applications are available upon request.

5.2.5 Design Wind Profiles (Vehicles)

Specific information about the wind profile is required to calcu-

late ground wind loads on space vehicles. The earthts surface is a rigid

boundary that exerts a frictional force on the lower layers of the atmosphere,

causing the wind to vanish on the boundary. In addition, the characteristic

length and velocity scales of the mean (steady-state) flow in the first 150

meters (boundary layer) of the atmosphere combine to yield extremely high

Reynolds numbers with values that range between approximately 106 and 108 ,
so that for most conditions (wind speeds > 1 m/sec) the flow is turbulent.

The lower boundary condition, the thermal and dynamic stability properties

of the boundary layer, the distributions of the large scale pressure and

Coriolis forces, and the structure of the turbulence combine to yield an
infinity of wind profiles.

Data on basic wind speed profiles given in this section are to be used

for vehicle design. With respect to design practices, the application of peak

winds and the associated turbulence spectra and discrete gusts should be

considered. The maximum response obtained for the selected risk levels for

each physically realistic combination of conditions should be employed in the

design, but not the sum of all individual response calculations, for example,

to the peak wind, discrete gust, turbulence spectra, and steady state wind.

Also consideration should be given to the appropriate exposure period for

on-pad and free standing risk wind value selection.

The application of design ground wind profiles for aircraft landing and

takeoff analyses and simulation requires that the wind be applied from the

direction contained within the two quadrants perpendicular to and up wind of
the runway.
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5. 2. 5. I Philosophy

The fundamental wind statistics sample was constructed by
selecting the peak wind speed that occurred in each hour of record read from

original wind records. An example of a peak wind speed is given in Figure

5. 2. 1. Peak wind statistics have three advantages over mean wind statistics.

First, peak wind statistics do not depend upon an averaging operation as do

mean wind statistics. Second, to construct a mean wind sample, a chart

WIND DIRECTION

9:40 9:50 10:00 10:10 10:20 I0:30

AM AM AM AM AM AM

I

SPEED

u-:.;  ,.PE,KW,ND

FIGURE 5. 2. 1 EXAMPLE OF PEAK

WIND SPEED RECORDS

reader or weather observer must

perform an "eyeball" average of the

wind data, causing the averaging pro-

cess to vary from day to day according
to the mood of the observer, and from

observer to observer. Hourly peak

wind speed readings avoid this sub-

jective averaging process. Third, to

monitor winds during the countdown

phase of a space vehicle launch, itis

easier to monitor the peak wind speed

than the mean wind speed.

Smith et al. (Ref. 5.6) have

performed extensive statistical anal-

yses with peak wind speed samples.

In the course of the work, he and his

collaborators introduced the concept

of exposure period probabilities into

the design and operation of space

vehicles. By determining the distri-

bution functions of peak wind speeds

for various periods of exposure (hour,

day, month, year, etc. ), it is possible

to determine the probability of occur-

rence of a certain wind speed magni-

tude occurring during a prescribed

period of exposure of a space vehicle

to the natural environment. Thus, if

an operation requires, for example,

1 hour to complete, and if the critical

wind loads on the space vehicle can be

defined in terms of the peak wind

speed, then it is the probability of occurrence of the peak speed during a l-

hour period that gives a measure of the probable risk of the occurrence of

structural failure. Similarly, if an operation requires 1 day to complete, then
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it is the probability of occurrence of the peak wind speed during a 1-day period
that gives a measure of the probable risk of structural failure.

All probability statements concerning the capabilities of the space

vehicles that are launched at NASA ts Kennedy Space Center are prescribed in

terms of SmithVs peak wind speed exposure statistics. 1 However, to perform

loading and response calculations resulting from steady-state and random

turbulence drag loads and von Karman vortex shedding loads, the engineer
requires information about the vertical variation of the mean wind and the

structure of turbulence in the atmospheric boundary layer. The philosophy is

to extrapolate the peak wind statistics up into the atmosphere via a peak wind

profile, and the associated steady-state or mean wind profile is obtained by

applying a gust factor that is a function of wind speed and height.

5. 2. 5. 2 Peak Wind Profile Shapes

To develop a peak wind profile model, approximately 6000 hourly

peak wind speed profiles measured during 1967 at NASAVs ground wind tower

facility at Kennedy Space Center have been analyzed. The sample, comprised

of profiles of hourly peak wind speeds measured at the 18-, 30-, 60-, 90-,

120-, and 150-meter levels, appeared to show that the variation of the peak

wind speed in the vertical, below 150 meters, could be described with a power

law relationship given by

k

, (5. l)

where u(z) is the peak wind speed at height z in meters above natural grade

and u18" 3 is a known peak wind speed at z = 18. 3 meters. The peak wind

is referenced to the 18. 3-meter level because this level has been selected as

the standard reference for the Kennedy Space Center launch area. A reference

level should always be stated when discussing ground winds to avoid confusion

in interpretation of risk statements and structural load calculatioas.

A statistical analysis of the peak wind speed profile data revealed that,

for engineering purposes, k is distributed normally for any particular value

of thepeak wind speed at the 18. 3-meter level. Thus, for a given percentile

level of occurrence, k is approximately equal to a constant for u18" 3 > 2
m/sec. For u18" 3 > 2 m/sec,

. A transformation to the 18. 3-meter design reference level (or higher

level for operational vehicles) is made for Kennedy Space Center

applications of risk statement (subsection 5. 2. 5.5. 1).
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-3/4
k = cul8 .3 ' (5.2)

where u18" 3 has the units of meter per second. The parameter, c, for

engineering purposes, is distributed normally with mean value 0.52 and

standard deviation 0.36. The distribution of k as a function u18" 3 is

depicted in Figure 5. 2. 2. The k + 3 a values are used in design studies.

k

1.0

O.5

0.| "

O.OS -

0.01

Illmension Jess)

u18 (m_'lJ

FIGURE 5. 2. 2 DISTRIBUTION OF THE PEAK WIND PROFILE PARAMETER

k FOR VARIOUS WIND SPEEDS AT THE 18. 3-m LEVEL FOR THE

EASTERN TEST RANGE
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5.2.5.3 Instantaneous Extreme Wind Profiles

The probability that the hourly peak wind speeds at all levels

occur simultaneously is small. Accordingly, the practice of using peak wind

profiles introduces some conservatism into the design criteria; however, the

probability is relatively large that when the hourly peak wind occurs at the

18. 3-meter level, the winds at the other levels almost take on the hourly peak
values.

To gain some insight into this question, approximately 35 hours of

digitized magnetic tape data were analyzed. The data were digitized at

0. 1-second intervals in real time and partitioned into 0. 5-, 2-, 5-, _nd

10-minute samples. The vertical average peak wind speed Up and the

18-meter mean wind u18 were calculated for each sample. In addition, the

instantaneous vertical average wind speed time history at 0. t-second intervals

was calculated for each sample, and the peak instantaneous vertical average

wind speed uI was selected from each sample. The quantity ui/up was

then interpreted to be a measure of how well the peak wind profile approxi-

mates the instantaneous extreme wind profile. Figure 5. 2. 3 is a plot of

_i/_ P as a function of uis. The data points tend to scatter about a mean

value of ui/up _ 0. 93, which could mean that the peak wind profile will

result in an overestimate of ground wind loads by approximately 14 percent.

However, some of the data points have values equal to 0.98, which could mean

an overestimate of the loads by only 4 percent. Figure 5. 2. 4 gives the average

values of ui/up as a function of uiB for different averaging times (0.5, 2,

5, and 10 min).

5. 2. 5.4 Peak Wind Profile Shapes for Other Test Ranges and Sites

Detailed analyses of wind profile statistics are not available for

other test ranges and sites. The exponent k in equation (5. 1) is a function

of wind speed, surface roughness, etc. For moderate surface roughness

conditions, the extreme value of k is usually equal to 0. 2 or less during high

winds (> 15 m/sec). For design and planning purposes for test ranges and

sites other than the Eastern Test Range, it is recommended that the values

of k given in Table 5. 2. 1 be used. These values of k are the only values

used in this report for sites other than the Eastern Test Range and represent

estimates for 99.87 percentile-mean + 3 _ (0.13 percent risk) values for the

profile shape.
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FIGURE 5. 2.4 THE RATIO uI/u P AS A FUNCTION OF THE 18. 3-m

MEAN WIND SPEED (uls) FOR VARIOUS SAMPLING PERIODS

I

TABLE 5, 2. i VALUES OF k TO USE FOR TEST RANGES

OTHER THAN THE EASTERN TEST RANGE

k Value 18.3-Meter Level Peak Wind Speed (ms -t)

k=0.2

k= 0. i4



5.19

5.2.5.5 Aerospace Vehicle Design Wind Profiles

The data presented in this section provide basic peak wind speed
profile (envelope) information for use in studies to determine load factors for

test, flee-standing, launch, and lift-off conditions to ensure satisfactory

performance of the space vehicle. To establish vehicle response requirements,

the peak design surface winds are assumed to act normal to the longitudinal
axis of the vehicle on the launch pad and to be from the most critical direction.

5. 2. 5. 5. 1 Design Wind Profiles for the Eastern Test Range

Peak wind profiles are characterized by two parameters, the

peak wind speed at the 18. 3-meter level and the shape parameter k. Once

these two quantities are defined, the peak wind speed profile envelope is

completely specified. Accordingly, to construct a peak wind profile envelope

for the Eastern Test Range, in the context of launch vehicle loading and

response calculations, two pieces of information are required. First, the risk

of exceeding the design wind peak speed at the reference level for a given

period mu_t be specified. Once this quantity is given, the design peak wind

speed at the reference level is automatically specified (Figure 5. 2. 5). Second,

the risk associated with compromising the structural integrity of the vehicle,

once the reference level design wind occurs, must be specified. This second

quantity and the reference level peak wind speed will determine the value of

k that is to be used in equation (5. 1). To apply equations (5. 1) and (5. 2)

to the peak wind statistics valid at.10 meters, equation (5. 1) is evaluated at

z= 10 meters, and the resulting relationship inverted to yield u18" 3 as a

function of the 10-meter level peak wind speed ul0 for a fixed value of c.

This function is then combined with equation ( 5. 2) to yield k as a function of

Ul0 for a given value of c. The validity of this inversion process is open to

question because equation (5. 1) is a stochastic relationship. However,

analysis with profiles "that include peak wind information obtained at the

10-meter level appear to show that this inversion is valid for engineering
applications.

It is recommended that the k + 3 (r value of k be used for the design

of space vehicles. Thus, if a space vehicle designed to withstand a particular

value of the peak wind speed at the 18. 3-meter reference level is exposed to

that peak wir_i speed, the vehicle has at least a 99.87-percent chance of with-

standi,_g possible peak wind profile conditions.

Operational ground wind contraints for established vehicles should be

determined for a reference level (above natural grade) near the top of the

vehicle while on the launch pad. The profile may be calculated using equations

(5. 1) and (5. 2) with a value of 1_ = k - 3 _. This will produce a peak wind
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profile envelope associated with an upper reference level ground wind con-

straint. Tables for these calculations and those associated with the design

reference level are available for various wind speeds and k values applicable

to Cape Kennedy upon request to the Aerospace Environment Division, NASA,

Marshall Space Flight Center, Alabama.

Table 5. 2. 2 contains peak wind speed profiles for various envelope
values of peak wind speed at the 10-meter level for fixed values of risk for the

worst monthly-hourly reference periods of the year for a 1-hour exposure.

To construct these profiles, the 1-hour exposure period statistics for each

hour in each month were constructed. This exercise yielded 288 distribution

functions ( 12 months times 24 hours), which were enveloped to yield the

largest or '_vorst" 10-meter level peak wind speed associated with a given

level of risk for all monthly-hourly reference periods. Thus, for example,

according to Table 5. 2. 2 there is at most a 10-percent risk that the peak wind

speed will exceed 13. 8 m/sec (26. 9 knots) during any particular hour in any
particular month at the 10-meter level, and if 13. 8 m/sec (26. 9 knots) occur

at the 10-meter level, then there is only a 0. 135-percent chance that the peak
wind speed will exceed 24. 1 m/sec (46. 8 knots) at the 152. 4-meter level or

the corresponding values given at the other heights.

Tables 5. 2. 3 through 5. 2. 5 contain peak wind profile envelopes for
various values of peak wind speed at the 10-meter level and fixed values of risk

for various exposure periods. The 1-day exposure values of peak wind speed

were obtained by constructing the daily peak wind statistics for each month and

then enveloping these distributions to yield the worst 1-day exposure, 10-meter

level peak wind speed for a specified value of risk (daily-monthly reference

period). The 30-day exposure envelope peak wind speeds were obtained by
constructing the monthly peak wind statistics for each month and then construct-

ing the envelope of the distributions (monthly-annual reference period). The

10-day exposure statistics were obtained by interpolating between the 1- and

30-day exposure period results. The envelopes of the 90-day exposure period

statistics were the 90-day exposure statistics associated with the 12 trimonthly

periods (January-February-March, February-March-April, March-April-May,

and so forth) (90-day-annual reference period). Finally, the 365-day exposure
period statistics were calculated with the annual peak wind sample (17 data

points) to yield one distribution (90-day-annual reference period). Tables

5. 2. 3 thrcugh 5. 2. 5 contain the largest or '_vorst" 10-meter level peak wind

speed associated with a given level of risk for the stated exposure periods.

It is recommended that the data in Tables 5. 2. 2 through 5. 2. 5 be used

as the basis for space vehicle design for Cape Kennedy/Kennedy Space Center

Operations. Wind profile statistics for the design of permanent ground sup-
port equipment are discussed in subsection 5. 2. 6.
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TABLE 5. 2. 2 PEAK WIND SPEED PROFILE ENVELOPES FOR VARIOUS

VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED

FOR 1-hr EXPOSURE (hourly-monthly reference period)

FOR CAPE KENNEDY 2

Risk (%)

Height
20 10 5 1 O. 1

-1 -1 -1 -1 -1
(m) (ft) knots ms knots ms knots ms knots ms knots ms

10.0 33

18.3 60

30.5 I00

61.0 200

91.4 300

121.9 400

152.4 500

22.9 11.8

26.3 13.5

29.5 15.2

34.5 17.8

37.8 19.5

40.4 20.8

42.5 21.9

27.0 13.9

30.5 15.7

33.8 17.4

38.9 20.0

42.2 21.7

44.7 _3.0

46.8 24.1

30.8 15.8

34.4 t7.7

37.9 19.5

43. O 22.1

46.4 23.9

48.9 25.2

51.0 26.2

39.5 20.3

43.4 22.3

47.0 24.2

52.3 26.9

55.7 28.7

58.3 3O. 0

60.3 31.0

51.9 26.7

56.0 28.8

59.8 30.8

65.4 33.6

68.9 35.4

71.5 36.8

73.6 37.8

TABLE 5. 2. 3 PEAK WIND SPEED PROFILE ENVELOPES FOR A 10-PERCENT

RISK VALUE OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED FOR

VARIOUS REFERENCE PERIODS OF EXPOSURE, FOR CAPE KENNEDY 2

Exposure (days)
Height

I 10 30 90 365

-1 -1 -1
(m) (ft) knots ms -i knots ms -i knots ms knots ms knots ms

I0.0 33

18.3 60

30.5 I00

61.0 200

91.4 300

121.9 400

152.4 500

32. I t6.5

35.8 18.4

39.2 20.2

44.4 22.8

47.8 24.6

50.3 25.9

52.4 27.0

46.9 24.1

51.0 26.2

54.7 28. I

60.2 31.0

63.6 32.7

66.2 34. I

68.3 35.1

53.9 27.7

58.2 29.9

62.0 31.9

67.6 34.8

71.1 36.6

73.7 37.9

75.8 39.0

61.0 31.4

65.3 33.6

69.3 35.7

75.0 38.6

78.5 40.4

81.1 41.7

83.2 42.8

70.0 36.0

74.5 38.3

78.5 40.4

84.4 43.4

88.O 45.3

90.6 46.6

92.8 47.7

2. Recommended for design criteria development.
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TABLE 5. 2. 4 PEAK WIND SPEED PROFILE ENVELOPES FOR A 5-PERCENT

RISK VALUE OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED FOR

VARIOUS REFERENCE PERIODS OF EXPOSURE FOR CAPE KENNEDY 3

Exposure (days)
Height

1 10 30 90 365

-1 -1 -1 -1
(m) (ft) knots ms "I knots ms knots ms knots ms knots ms

t0.0 33

18.3 60

30.5 100

61.0 200

91.4 300

121.9 400

152.4 500

36.1 18.5

39.8 20.5

43.3 22.3

48.6 25.0

52.0 26.8

54.5 28.0

56.6 29.1

52.3 26.9

56.5 29.1

60.3 "31.0

65.9 33.9

69.4 35.7

72.0 37..0

74.1 38.1

60.1 30.9

64.4 33.1

68.3 35.1

74.0 38.1

77.6 40.0

80.2 4t.3

82.3 42.3

67.8 34.9

72.3 37.2

76.3 39.3

82.1 42.2

85.7 44.1

88.4 45.5

91.0 46.8

77.7 40.0

82.4 42.4

86.5 44.5

92.5 47.6

96.1 49.4

98.8 50.8

101.0 52.0

TABLE 5. 2. 5 PEAK WIND SPEED PROFILE ENVELOPES FOR A 1-PERCENT

RISK VALUE OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED FOR

VARIOUS REFERENCE PERIODS OF EXPOSURE FOR CAPE KENNEDY 3

Exposure (days)
Height

t t0 30 90 365

-1 -1 -1 -1 -1
(m) (ft) knots ms knots ms knots ms knots ms knots ms

10.0 33

18.3 60

30.5 100

61.0 200

91.4 300

121.9 400

152.4 500

45.0 23.1

49.0 25.2

52.6 27.1

58.1 30.0

61.5 31.6

64.1 33.0

66.1 34.0

65.4 33.6

69.9. 36.0

73.9 38.0

79.7 4t.0

83.2 42.8

85.9 44.2

88.0 45.3

74.0 38.1

78.6 40.4

82.8 42.6

88.6 45.6

92.3 47.5

95.0 48.9

97.1 50.0

83.4 42.9

88.2 45.4

92.4 47.5

98.4 50.6

102.1 52.5

104.8 53.9

107.0 55.0

95.4 49.1

t00.3 51.6

104.7 53.9

1t0.9 57.1

114.6 59.0

117.4 60.4

119.6 61.5

3. Recommended for design criteria development.
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Mean wind profiles or steady-state wind profiles can be obtained from

the peak wind profiles by dividing the peak wind by the appropriate gust factor

(subsection 5.2. 7). It is recommended that the 10-minute gust factors be

used for structural design purposes. Application of the 10-minute gust factors

to the peak wind profile corresponds to averaging the wind speed over a

10-minute period. This averaging period appears to result in a stable mean

value of the wind speed. Within the range of variation of the data, the 1-hour

and 10-minute gust factors are approximately equal for sufficiently high wind

speed. This occurs because the spectrum of the horizontal wind speed near

the ground is characterized by a broad energy gap centered at a frequency

approximately equal to 0. 000278 hertz (1 cycle/hr} and typically extends over

the frequency domain 0.000139 hertz (0. 5 cycles/hr) < w < 0. 00139 hertz

(5 cycles/hr) (Ref. 5.7). The Fourier spectral components associated with

frequencies less then 0. 0166 hertz (1 cycle/hr) correspond to the meso- and

synoptic-scale motions, while the remaining high-frequency spectral compo-

nents correspond to mechanically and thermally produced turbulence. Thus,

a statistically stable estimate of the mean or steady-state wind speed can be

obtained by averaging over a period in the range from 10 minutes to an hour.

Davenport (Ref. 5.5_ points out that this period for averaging is also suitable

for structural analysis. Since this period is for longer than any natural period

of structural vibration, it assures that effects caused by the mean wind properly
represent steady-state, nontransient effects. The steady-state wind profiles,

calculated with the 10-minute gust factors, that correspond to those in

Tables 5.2.2 through 5.2.5 are given in Tables 5.2.6 through 5.2.9.

5. 2. 5.5.2 Design Ground Wind Profiles for Other Locations

Tables 5. 2. l0 through 5. 2. 21 contain recommended design ground

wind profiles for several different risks of exceeding the 10-meter level peak

wind speed and 10-minute mean wind speed for a 1-hour exposure period.

These tables are based on the same philosophy as Table 5.2. 2 and Table 5. 2. 6

for the Eastern Test Range. The locations for which data are provided include

Wallops Island, Virginia; White Sands Missile Range, New Mexico; Air Force

Flight Center, Edwards AFB, California; Space and Missile Test Center,

Vandenberg AFB, California ; Huntsville, Alabama; and the New Orleans,

Louisiana-Mississippi Test Facility area. Data for 1-day and longer exposure

periods are currently being established for several of these locations and will

be made available on request. Detailed hourly peak wind records similar to
those for Cape Kennedy are not available at this time for other locations.

Therefore, it was necessary to develop Tables 5. 2. 10 through 5. 2. 21 from

the existing data records. This was accomplished by developing the 10-meter

wind statistics for each of these locations plus Cape Kennedy from a common

type data record. After extensive cross checks and analysis a scaling factor

was developed with the special Cape Kennedy hourly peak wind records as a
base line relative to the common type data record also available for Cape
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TABLE 5. 2. 6 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL MEAN WIND

SPEED FOR A 1-hr EXPOSURE (hourly-monthly reference period)

FOR CAPE KENNEDY

Risk (%)

Height

20 10 5 1 O. 1

-1 -1 -1 -1
(m) (ft) knots ms-l- knots ms knots ms knots ms knots ms

10.0 33

18.3 60

30.5 10O

61.0 200

91.4 300

121,9 400

t52.4 500

14. i 7.2

17. i 8.8

20.0 I0.3

24.7 12.7

27.8 14.3

30.3 t5.6

32.3 16.6

16.6 8.6

19.9 t0.3

23. t 11.9

28.1 14.5

3t.3 t6.1

33.9 17.4

35.9 18.5

t9.1

22.6

26.0

31.3

34.7

37.3

39.4

9.8

11.7

13.4

16.1

i7.9

19.2

20.3

24.6 12.7

28.7 14.8

32.6 16.8

38.3 19.7

42.0 21.6

44.8 23.0

47.0 24.2

32.4 16.7

37.2 19. I

41.6 21.4

48. I 24.7

52. I 26.8

55.1 28.3

57.5 29.6

TABLE 5. 2. 7 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR A

10-PERCENT RISK VALUE OF EXCEEDING THE 10-m LEVEL MEAN WIND

SPEED FOR VARIOUS REFERENCE PERIODS OF EXPOSURE

FOR CAPE KENNEDY

Exposure (days)

Height
I I0 30 90 365

-1 -t -1 -t
(m) (i_) knot s ms "i knots ms knots ms knots ms knots ms

t0.0 33

18.3 60

30.5 t00

61.0 200

91.4 300

121.9 400

t52.4 500

20.0 10.3

23.6 12. i

27.1 13.9

32.4 16.7

35.8 18.4

38.5 19 S

dO.,_ 20.9

29.3 t5. t

33.8 t7.4

38.0 19.5

44.2 22.7

48.1 24.7

51.0 26.2

53.3 27.4

33.7 t7.3

38.7 19.9

43.1 22.2

49.6 25.5

53.8 27, 7

56.8 29.2

59.2 3O. 5

38. I 19.6

43.3 22.3

48.2 24.8

55.1 28.3

59.4 30.6

62.6 32.2

65.1 33.5

43.8 22.5

49.5 25.5

54.6 28.1

62.1 31.9

66.6 34.3

69.9 36.0

72.6 37.3
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TABLE 5.2. 8 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR A

5-PERCENT RISK VALUE OF EXCEEDING THE 10-m LEVEL MEAN WIND

SPEED FOR VARIOUS REFERENCE PERIODS OF EXPOSURE

FOR CAPE KENNEDY

Exposure (days)
Height

1 10 30 90 365

-1 -1 -1
(m) (ft) knots ms -1 knots ms -1 knots ms knots ms knots ms

10.0 33

t8.3 60

30.5 100

61.0 200

91.4 300

121.9 400

152.4 5OO

22.5 tl.6

26.3 13.5

30.0 15.4

35.5 18.3

39.2 20.2

41.9 21.6

44.0 22.6

32.7 16.8

37.5 19.3

41.9 21.6

48.4 24.9

52.5 27.0

55.5 28.6

57.9 29.8

37.6 19.3

42.8 22.0

47.5 24.4

54.5 28.0

58.7 30.2

61.9 31.8

64.4 33.1

42.5 21.9

48.1 24.7

53.2 27.4

60.4 31.1

64.9 33.4

68.2 35.1

70.9 36.4

48.6 25.0

54.8 28.2

60.2 31.0

68.1 35.0

72.9 37.5

76.3 39.3

79.1 40.7

TABLE 5. 2. 9 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR A

1-PERCENT RISK VALUE OF EXCEEDING THE 10-m LEVEL MEAN WIND

SPEED FOR VARIOUS REFERENCE PERIODS OF EXPOSURE

FOR CAPE KENNEDY

Exposure (days)

Height

1 10 30 90 365

-I -I -I -i -i
(m) (ft) knots ms knots ms knots ms knots ms knots ms

10.0 33

18.3 60

30.5 t00

61.0 200

91.4 300

121.9 400

152.4 500

28.1 t4.5

32.5 16.7

36.6 18.8

42.6 21.9

47.2 24.3

49.4 25.4

51.7 26.6

40.9 21.0

46.5 23.9

51.4 26.4

58.6 30.1

63.0 32.4

66.3 34.1

68.9 35.4

46.3

52.2

57.6

65.2

69.9

73.4

"76.1

23.8

26.9

29.6

33.5

36.0

37.8

39. t

52.2 26.9

58.6 30.1

64.3 33. t

72.5 37.3

77.4 39.8

81.0 41.7

83.8 43.1

59.7 30.7

66.7 34.3

72.9 37.5

8t.6 42.0

86.9 44.7

90.7 46.7

93.7 48.2
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TABLE 5.2.10 PEAK WIND SPEED PROFILE ENVELOPES FOR VARIOUS

VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND SPEED

FOR 1-hr EXPOSURE (hourly-monthly reference period)

FOR HUNTSVILLE, ALABAMA

Risk (%)

Height 20 l0 5 1 0. I

(m) (ft) knots ms "t knots ms ,t knots ms -t knots ms -I knots ms -t

10. 0 33

18. 3 60

30. 5 100

61.0 200

91.4 300

121.9 400

152. 4 500

19.1 9.8

21.5 11.1

23. 9 12. 3

27.4 14.1

29.7 15.3

31.5 16. 2

33. 0 16. 9

21.6 11.1

24.4 12. 5

27.0 13.9

31.0 15. 9

33. 6 17. 3

35. 6 18. 3

37.3 19. 2

24.0 12. 4

27. 1 14.0

30.0 15. 5

34. 5 17. 8

37.4 19. 3

39. 6 20.5

41.5' 21.4

31.5 16. 2

35.6 18.3

39. 4 20. 3

45. 2 23. 3

49. 1 25. 2

52. 0 26. 7

54. 4 28. 0

47.5 24.5

51.7 26. 7

55. 5 28. 6

61.0 31.5

64. 7 33. 4

67. 4 34. 7

69. 5 35. 8

TABLE 5.2.ii 10-min MEAN WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL MEAN

SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)

FOR HUNTSVILLE, ALABAMA

Risk (%)

Height 20 10 5 1 0. 1

(m) (ft) knots ms -1 knots ms -i knots ms -I knots ms -I knots ms -i

10. 0 33

18. 3 60

30. 5 100

61.0 200

91.4 3O0

121.9 400

152. 4 500

13.6 7.0

15,4 7.9

17.1 8.8

19. 6 10. 1

21.3 10. 9

22.5 11.6

23.6 12. 1

15.4 7.9

17.4 9.0

19.3 9.9

22.2 11.4

24. 0 12. 4

25.5 13. 1

26.7 13.7

17.1 8.8

19. 4 10.0

21.4 11.1

24. 6 12. 7

26. 7 13. 8

28. 3 14. 6

29. 6 15. 3

22.5 11.6

25.4 13. 1

28. 1 14.5

32. 3 16. 6

35. 0 18. 0

37. 1 19. 1

38. 9 20.0

33. 9 17.5

36. 9 19.0

39. 6 20. 4

43. 6 22. 5

46. 2 23. 8

48. 1 24. 8

49. 6 25. 6
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TABLE 5. 2.12 SURFACE PEAK WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND

SPEED FOR l-hr EXPOSURE (hourly-monthly reference period) FOR

NEW ORLEANS AND MISSISSIPPI TEST FACILITY AREA

Risk (%)

Height 20 10 5 1 0.1

(m) (ft) knots ms -1 knots ms -1 knots ms -I knots ms -1 knots ms -I

10.0 33

18. 3 60

30. 5 100

61.0 200

91.4 300

121.9 400

152. 4 500

19. 8 10. 2

22.4 11.5

24. 8 12. 8

28. 4 14. 6

30. 8 15. 9

32.7 16.8

34.2 17.6

23. 9 12. 3

27.0 13.9

29. 9 15. 4

34. 3 17.7

37.2 19.2

39. 4 20. 3

41.3 21.3

27.6 14. 2

31.2 16.0

34. 5 17.8

39.6 20.4

43. 0 22. 1

45.5 23. 4

47. 7 24. 5

37.2 19. 1

42. 0 21.5

46. 5 23. 9

53. 4 27. 4

57.9 29.8

61.4 31.5

64. 3 33. 0

53. 0 27.3

57. 7 29. 7

61.9 31.8

68. 1 35. 1

72. 2 37.2

75. 2 38. 7

77. 5 39. 9

TABLE 5. 2. 13 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-rain MEAN

WIND SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)

FOR NEW ORLEANS AND MISSISSIPPI TEST FACILITY AREA

Risk (%)

Height 20 10 5 1 0.1

(m) (ft) knots ms- 1 knots ms- 1 knots ms - 1 knots m s - 1 knots ms - 1

10. 0 33

18. 3 60

30.5 100

61.0 200

91.4 300

121.9 400

152. 4 500

14.1 7.3

16.0 8.2

17.7 9.1

20.3 10.5

22.0 11.3

23.3 12. 0

24.4 12. 6

17.1 8.8

19.3 9.9

21.4 11.0

24. 5 12. 6

26.6 13.7

28. 2 14.5

29. 5 15. 2

19. 7 10.1

22. 3 11.4

24. 7 12. 7

28.3 14.6

30.7 15. 8

32.5 16.7

34. I 17.5

26.6 13.7

30.0 15. 4

33. 2 17.1

38.2 19.6

41.4 21.3

43. 8 22. 5

45. 9 23. 6

37. 9 19. 5

41.2 21.2

44.2 22.8

48. 6 25. 0

51.6 26. 6

53. 7 27. 7

55. 4 28. 5
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TABLE 5. 2. 14 SURFACE PEAK WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND

SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)

FOR THE SPACE AND MISSILE TEST CENTER, 4

VANDENBERG AFB, CALIFORNIA

Height

(m) (ft)

10. 0 33

18. 3 60

30. 5 100

61.0 200

91.4 300

121.9 400

152. 4 500

2O

knots ms -1

18.3 9.4

20.7 10. 6

22.9 11.8

26. 3 13.5

28. 5 14. 6

30. 2 15.5

31.6 16. 2

10

knots ms _

Risk (%)

knots ms -I knots ms -1

36.5 18. 8

41.2 21.2

45. 7 23. 5

52. 4 27.0

56. 9 29. 3

60.2 31.0

63. 1 32. 5

45. 0 23. 2

49. 0 25. 2

52. 6 27. 1

57. 8 29. 8

61.3 31.6

63. 8 32. 9

65. 8 33. 9

23.1 11.9

26. 1 13.4

28. 9 14.9

33. 2 17.1

36.0 18.5

38. I 19.6

39. 9 20.6

27.6 14. 2

31.2 16. 0

34.5 17. 8

39. 6 2O. 4

43. 0 22. 1

45. 5 23. 4

47. 7 24. 5

TABLE 5. 2. 15 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-min MEAN

WIND SPEED FOR 1-hr EXPOSURE (hourly-monthly reference period)

FOR THE SPACE AND MISSILE TEST CENTER,

VANDENBERG AFB, CALIFORNIA

Risk (%)
Height

20 I0 5 I 0. I

(m) (ft) knots ms-1 knots ms- I knots ms- I knots ms- I knots ms- I

10. 0 33

18. 3 60

30. 5 100

61.0 200

91.4 300

121.9 400

152. 4 500

13.1 6.7

14.8 7.6

16.4 8.4

18.8 9.6

20.4 10.5

21.6 Ii. 1

22.6 11.6

16.5 8.5

18.6 9.6

20. 6 10.6

23.7 12. 2

25.7 13. 2

27.2 14.0

28. 5 14.7

19. 7 10. 1

22. 3 11.4

24.7 12.7

28. 3 14. 6

30.7 15. 8

32. 5 16.7

34. 1 17.5

26. 1 13.4

29.4 15. 2

32. 6 16. 8

37.4 19. 3

40. 6 20.9

43. 0 22. 2

45. 1 23. 2

32. 1 16. 5

35. 0 18.0

37. 5 19.4

41.3 21.3

43. 8 22.6

45. 6 23. 5

47.0 24. 2

4. Formerly Western Test Range.
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TABLE 5.2. 16 SURFACEPEAK WIND SPEEDPROFILE ENVELOPESFOR
VARIOUSVALUESOF RISKOF EXCEEDINGTHE 10-m LEVEL PEAK WIND

SPEEDFOR1-hr EXPOSURE(hourly-monthly reference period)
FORWALLOPS TEST RANGE

Risk(%)

Height 20 I0 5 i 0.i

(m) (it) knots ms- 1 knots ms- i knots ms- 1 knots ms- 1 knots ms- 1

10. 0 33

18. 3 60

30. 5 100

61.0 200

91.4 300

121.9 400

152. 4 500

22. 9 11.8

25. 9 13. 3

28.6 14. 8

32. 9 16.9

35.7 18. 4

37.8 19.5

39. 6 20.4

27.1 13. 9

30. 6 15.7

33. 9 17.4

38. 9 20.0

42. 2 21.7

44.7 22. 9

46. 8 24. 0

31.2 16.1

35.2 18.2

39. 0 20.1

44.8 23.1

48.6 25. 1

51.5 26. 6

53. 9 27.8

38. 6 19. 9

43. 6 22. 5

48.3 24. 9

55. 4 28.6

60.1 31.0

63. 7 32. 8

66. 7 34. 4

55. 0 28. 3

59. 8 30. 8

64. 3 33. 1

70.6 36. 3

74. 9 38. 6

78.0 40. 1

80.5 41.4

TABLE 5. 2.17 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-min

MEAN WIND SPEED FOR 1-hr EXPOSURE (hourly-monthly reference

period) FOR WALLOPS TEST RANGE

Height

(m) (it)

10. 0 33

18. 3 6O

30. 5 100

61.0 2O0

91.4 300

121.9 4OO

152. 4 500

2O

knots ms -1

Risk (%)

10 5 1 0.1

knots ms -1 knots ms- 1

22.3 11.5

25.2 13. 0

27.9 14.4

32.0 16.5

34.7 17.9

30.8 19.0

38.5 19.9

knots ms-1

27.6 14. 2

31.1 16.1

34.5 17.8

39.6 20. 4

42. 9 22. 1

45.5 23. 5

47.7 24. 6

knots ms-1

19.3 9.9

21.9 11.2

24. 2 12.4

27.8 14. 3

30.2 15. 5

31.9 16.4

33. 5 17.2

16.4 8.4

18.5 9.5

20. 5 10. 5

23. 5 12. 1

25.5 13. 1

27.0 13. 9

28. 3 14. 6

39. 3 20. 2

42. 7 22. 0

45. 9 23. 6

5O. 4 26. 0

53. 5 27. 5

55. 7 28. 7

57. 5 29. 6
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TABLE 5. 2. 18 SURFACE PEAK WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND

SPEED FOR l-hr EXPOSURE (hourly-monthly reference period)

FOR WHITE SANDS MISSILE RANGE

!

Riak (%)

Height
20 I0 5 i O. 1

(m) (ft) knots ms -I kDots ms" 1 knots ms -1 knots ms-t knots ms -j

10. 0 33

18. 3 60

30. 5 100

61.0 200

9t. 4 300

12t. 9 400

152. 4 500

15.3 7.9

17.3 8.9

19.1 9.9

22.0 11.3

23. 8 12. 3

25. 2 13.0

26. 4 13.7

20. 9 10. 7

23. 6 12. 1

26. t 13. 4

30. 0 15.4

32. 6 16.7

34. 5 17.7

36. 1 18. 5

24. 7 12. 7

27. 9 14. 3

30. 9 15. 9

35. 5 18. 2

38.5 19.8

40.8 21.0

42.7 22. 0

34. 3 17.7

38.7 20.0

42. 9 22. t

49. 3 25.4

53. 4 27. 6

56. 6 29. 2

59. 3 30.6

52. 1 26. 8

56. 7 29. 2

60. 9 31.3

66. 9 34. 4

71.0 36. 5

73. 9 38. 0

76. 2 39. 2

TABLE 5. 2. 19 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-rain

MEAN WIND SPEED FOR l-hr EXPOSURE (hourly-monthly reference period)

FOR WHITE SANDS MISSILE RANGE

Risk (%)

Height 20 t0 5 1 O. 1

(m) (ft) knots ms -I knots ms -1 knots ms -t knots ms -t knots ms -t

10. 0 33

18. 3 60

30. 5 100

61.0 200

91.4 300

121.9 400

152.. 4 500

10. 9 5.6

12.3 6.4

13.7 7.1

15.7 8.1

17.0 _.8

18.0 9.3

18.9 9.8

14.9 7.7

16. 9 8. 6

18.7 9.6

21.4 11.0

23.3 11.9

24. 6 12. 6

25. 8 13. 2

17.6 9.1

19.9 10.2

22. 1 11.3

25. 3 13.0

27. 5 14. 1

29. 1 15.0

30.5 15.7

24. 5 12. 6

27.7 14. 3

30. 7 15. 8

35. 2 18. 2

38.2 19.7

40. 4 20. 9

42. 3 21.9

37. 2 19. 2

40. 5 20. 8

43. 4 22. 4

47. 8 24. 6

50. 7 26. t

52. 8 27.1

54. 4 28. 0
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TABLE 5. 2.20 SURFACE PEAK WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL PEAK WIND

SPEED FOR i-hr EXPOSURE (hourly-monthly reference period)
FOR EDWARDS AIR FORCE BASE

Risk (%)

Height 20 10 5 1 O. 1

(m) (ft) knots ms- 1 knots ms- 1 knots ms- 1 knots ms- l knots ms- 1

10. 0 33

18. 3 60

30. 5 100

61.0 200

91.4 300

121.9 400

152. 4 500

24.4 12.6

27.6 14.2

30.5 15. 8

35.0 18. 1

38.0 19.6

40.3 20.8

42. 2 21.8

28. 3 14. 6

32.0 16.5

35. 4 18. 3

40. 6 21.0

44.1 22.7

46. 7 24. 1

48. 9 25. 2

31.5 16. 2

35.6 18.3

39. 4 20.3

45.2 23. 3

49. 1 25. 2

52. 0 26. 7

54. 4 28. 0

38.4 19. 8

43. 4 22. 4

48. 0 24. 8

55.1 28.4

59. 8 30.8

63. 4 32. 7

66.4 34. 2

47. 0 24. 2

51.1 26. 3

54. 9 28. 3

60. 3 31.1

64. 0 33. 0

66. 6 34. 3

68. 8 35. 4

TABLE 5. 2. 21 SURFACE MEAN WIND SPEED PROFILE ENVELOPES FOR

VARIOUS VALUES OF RISK OF EXCEEDING THE 10-m LEVEL 10-rain

MEAN WIND SPEED FOR 1-hr EXPOSURE (hourly-monthly reference

period) FOR EDWARDS AIR FORCE BASE

Risk (%)

Height 20 10 5 1 0.1

(m) (ft) knots ms -1 knots ms -1 knots ms -1 knots ms -1 knots ms -1

10.0 33

18. 3 60

30. 5 100

61.0 200

91.4 300

121.9 400

152. 4 500

17.4 9.0

19.7 10.2

21.8 11.3

25.0 12.9

27.1 14.0

28. 8 14.9

30.1 15.6

20.2 10.4

22.8 11.8

25.3 13.0

29.0 15.0

31.5 16. 2

33. 4 17.2

34. 9 18.0

22.5 11.6

25.4 13. 1

28. i 14. 5

32. 3 16.6

35.0 lg. 0

37.1 19. 1

38.9 20.0

27.4 14. 1

31.0 16.0

34.4 17.7

39. 4 20.3

42. 7 22. 0

45. 3 23. 3

47.4 24. 4

33.6 17.3

36.5 18. 8

39. 2 20. 2

43. 1 22. 2

45. 7 23. 5

47. 6 24. 5

49. I 25° 3
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Kennedy. Although the resulting design ground wind profiles for the various

locations are subject to change if and when a special hourly peak wind record

can be developed, for engineering design application the data given in Tables

5. 2. 10 through 5. 2. 21 are acceptable. The peak/mean wind profiles _ere

constructed with a 1.4 gust factor and mean +3_ value of k, as given in sub-

section 5. 2. 5. 5. 1. Some additional general ground wind data are given in
References 5. 7A and 5. 7B for several other locations.

5.2. 5. 5.3 Frequency of Calm Winds

Generally, design criteria wind problems are concerned with

high wind speeds, but a condition of calm or very low speeds may also be

important. For example, with no wind to disperse venting vapors such as
LOX, a poor visibility situation could develop around the vehicle. Table

5. 2. 22 shows the frequency of calm winds at the 10-meter reference height

for Cape Kennedy as a function of time of day and month. The maximum per-

centage of calms appears in the summer and during the early morning hours,

with the minimum percentage appearing throughout the year during the after-

noon. Similar tables for other location are available upon request.

5.2.6 Spectral Ground Wind Turbulence Model

Under most conditions ground winds are fullydeveloped turbulent

flows. This is particularly true when the wind speed is greater than a few

meters per second, the atmosphere is unstable, or when both conditions exist.

During nighttime conditions when the wind speed is low and the stratification

is stable, the intensityof turbulence is small ifnot nil. Spectral methods are

a particularly useful way of representing the turbulentportion of the ground

wind environment for launch vehicle design purposes, as well as for use in

diffusioncalculations of toxic fuels and atmospheric pollutants. At the present

time, a spectral turbulence model of the longitudinaland horizontal lateral

components of turbulence thatis valid for allconditions, except for the case of

a nighttime stable stratification,is available.

5. 2. 6.1 Introduction

At a fixed point i-__e atmospheric boundary layer, the instan-

taneous wind vector fluctuatesintime about the horizontal quasi-steady wind

vector. The vector departure ofthe horizontal component of the instantaneous

wind vector from the quasi-steady wind vector is the horizontal vector com-

ponent of turbulence. This vector departure can be represented by two com-

ponents, the longitudinaland the lateral components of turbulence that are

parallel and perpendicular to the quasi-steady wind vector in the horizontal

plane (Figure 5.2.6). The model contained herein is a spectral representation
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of the characteristics of the longitudinal

and lateral components of turbulence.

The model analytically defines the spec-

tra of these components of turbulence

for the first 200 meters of the boundary

layer. In addition, it defines the longi-

tudinal and lateral cospectra, quadra-

ture spectra, and the corresponding co-

herence functions associated with any

pair of levels in the boundary layer.

Details concerning the model herein can

be found in References 5.8, 5.9, and 5.10.

5.2.6.2 Turbulence Spectra

The longitudinal and lateral

spectra of turbulence at frequency w

and height z can be represented by a
dimensionless function of the form

co S (¢_) c i f/fro

+l. 5(f/fm ) e2 5/3c_

(5. 3)

bJZ
f =

u(z) (5. 4)

(5. 5)

(5. 6)

u, = c 6 u(z.) (5. 7)
I

In _hese equations z is a reference height equal to 18. 3 meters (60 ft).
r

(z) is the quasi-steady wind speed at height z; and the quantities

c. (i = l, 2, 3, 4, 5) are dimensionless constants that depend upon the site and1
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TABLE 5. 2. 23 DIMENSIONLESS CONSTANTS FOR THE LONGITUDINAL

SPECTRUM OF TURBULENCE FOR THE EASTERN TEST RANGE

Condition c I c 2 c 3 c 4 c 5

2. 905 1.235 0.04 0.87 -0. i4Light Wind Daytime
Conditions

Strong Winds 6. 198 0.845 0.03 i.00 -0.63

TABLE 5. 2. 24 DIMENSIONLESS CONSTANTS FOR THE LATERAL

SPECTRUM OF TURBULENCE FOR THE EASTERN TEST RANGE

Condition c 1 C 2 c 3 C 4 C 5

4. 599 1. 144 0. 033 0.72 -0.04Light Wind Daytime
Conditions

Strong Winds 3.954 0.78i 0. i 0.58 -0.35

the stability. The frequency w is defined with respect to a structure or vehicle

at rest relative to the earth. To apply the spectral model to the Shuttle or air-

craft landing problem, the mean wind speed u(z) at height z shall be replaced

with the mean wind speed relative to the vehicle. The longitudinal and lateral

spectra shall then be applied in the longitudinal and lateral directions relative

to the vehicle flight path. The lateral spectrum can also be used for the verti-

cal power spectrum. The spectrum S(w) is defined so that integration over the

domain 0 < w -< .o yields the variance of the turbulence. For the launch sites
at the Eastern Test Range, 6 it is permissible for engineering purposes to use

the values of c. given in Table 5. 2. 23 for the longitudinal spectrum and Table1

5. 2. 24 for the lateral spectrum. The constant c 8 can be estimated with the

equation

0.4
cG = , (5. 8)

In - $

where z 0 is the surface roughness length of the site and ,I, is a parameter

that depends upon the stability. If z 0 is not available for a particular site,

then an estimate of z 0 can be obtained by taking 10 percent of the typical

height of the surface obstructions (grass, shrubs, trees, rocks, etc. ) over

, Eastern Test Range, Kennedy Space Center, and Cape Kennedy are

synonymous in this report.
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TABLE 5. 2. 25 TYPICAL VALUESOF SURFACE ROUGHNESS LENGTH

(z 0) FOR VARIOUS TYPES OF SURFACES

Type of Surface z0 (m) mz o (ft)

Mud flats,ice

Smooth sea

Sand

Snow surface

Mown grass ( ~ 0.01 ml)

Low grass, steppe

Fallow field

High grass

Palmetto

Suburbia

City

10-s _ 3.10 -s

2" 10 -4 - 3.10 -4

10 .-4 _ 10-3

-3
10 - 6- 10 -3

104 _ 10-2

10 -2 - 4" 10 -2

-2
2.10 - 3- 10 -2

4.10 -2 - 10 -1

i0-i - 3-10-i

1 - 2

1 - 4

3.10 -s - 10-4

7.104 - i0-3

3- 10-4 - 3.10 -3

3" 10-4 - 2" 10-2

3-I0 -s - 3- 10-2

3" 10-2 - I0-t

-2
6.10 - t0 -1

I0-i - 3- I0-i

3.10 -i - I

3 - 6

3 - 13

a fetch from the sitewith lengthequal to approximately 1500 meters. The

parameter _I,vanishes for strong wind conditions and is of order unity for

lightwind unstable daytime conditions at the Kennedy Space Center. Typical

values of z0 for various surfaces are given in Table 5.2.25. The value of

z0 given for Palmetto is recommended for Kennedy Space Center design studies.

The functions given by equations (5. 3), (5.5), and (5.6) are depicted

in Figures 5.2.7 through 5.2.12. Upon prescribing the steady-state wind

profile u(z) and the site (z0),the longitudinaland lateral spectra are com-

pletely specified functions of height z and frequency c_. A discussion of the

units of the various parameters mentioned above is given in subsection 5. 2.6.4.

5. 2. 6. 3 The Cospectrum and Quadrature Spectrum

The cospectrum and the quadrature spectrum associated with

either the longitudinal or lateral components of turbulence at levels z 1 and

can be represented by the following:

(-C(c_,zt, z _) = _ exp 0. 3465 Af0. 5
cos(21rTAf) (5.9)

z2

I_ Af ) sin(2_TAf) , (5.10)Q(w, zt, z2) = _ exp 0.3465 z_ffO"5
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TABLE 5. 2.26 VALUES OF Af0.5 FOR THE EASTERN TEST RANGE

Turbulence Component Light Wind Daytime Conditions Strong Winds

Longitudinal 0.04 0. 036

Lateral 0.06 0. 045

TABLE 5. 2. 27 VALUES OF T FOR THE EASTERN TEST RANGE

Turbulence Component (zI+ z2)/2 <- lOOm (zl+z2)/2 > lOOm

Longitudinal O.7 O.3

Lateral I.4 O.5

S 1 and S2 are the longitudinal or lateral spectra at levels z 1 and z 2 ,

respectively, and u(zl) and u(z 2 ) are the steady-state wind speeds at

levels z 1 and z 2. The quantity Af0. 5 is a dimensionless function of stability,

and values of this parameter for the Eastern Test Range are given in Table

5.2. 26. The dimensionless quantity T should depend upon height and stability.

However, it has only been possible to detect a dependence on height at the

Eastern Test Range. Based upon an analysis of turbulence data measured

at the NASA 150-rneter meteorological tower facility, the values of 7 in

Table 5. 2. 27 are suggested for the Eastern Test Range. The quantity Af0. s can

be interpreted by constructing the coherence function, which is defined to be

C 2 + Q2
(5.12)

coh(_,zl,z2) = SIS2

Substitutingequations (5.9) and ( 5.i0) intoequation (5. 12) yields

/

coh(0J,zl,z 2) = exp /-0. 693

It is clear from this relationship that

coherence (coh) is equal to 0.5.

Af _ (5. 13)

Af0. 5 /
Af0. 5 is that value of Af for which the

5. 2. 6. 4 Units

The spectral model of turbulence presented in subsections

5.2. 6. 2 and 5.2. 6. 3 is a dimensionless model. Accordingly. the user is free

to select the system of units he desires, except that _: must have the units of

cycles per unit time. Table 5. 2. 28 gives the appropriate metric and U. S.

customary units for the various quantities in the model.
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TABLE 5. 2. 28 METRIC AND U. S. CUSTOMARY UNITS OF VARIOUS

QUANTITIES IN THE TURBULENCE MODEL

Quantity Metric Units U.S. Customary Units

s(o_),Q(o_),c(_)

f' fm' Af, Af0. 5

z, zr, z o

Hz

m 2 s- 2/i-Iz

Dimensionless

m

Hz

ft z s - 2/H z

Dimensionless

ft

U, U,

Coh

ms-I

Dimensionless

Dimensionless

Dimensionless

Dimensionless

fts -I

Dimensionless

Dimensionless

Dimensionless

Dimensionless

5.2.7 Ground Wind Gust Factors

The solutions of problems dealing with surface winds for the

design and launch of space vehicles include analyses of wind gustiness or gust

factor. Previous Marshall Space Flight Center ground wind gust factor design

criteria adopted a gust factor of 1.4 and treated the gust as acting over the

entire length of the vehicle. Revised ground wind mean gust factor design

criteria were derived from data obtained during 1967 and 1968 at the 150-

meter ground wind tower facility at Kennedy Space Center. To more precisely

determine gust factors to a height of 150 meters, analyses have been made

relating gust factors to height, steady-state or mean wind speed, peak wind

speed at reference height 18.3 meters, and length of time used to obtain the
mean wind speed. A study was made of 181 hours of data recorded when the

atmosphere was generally unstable (daytime). The gust factor G is defined
to be

G = u/u , (5. 14)

where

u = maximum wind speed at height h within an averaging period

of length T in time

= mean wind speed associated with the averaging period T, given by
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i T/2
= -- f v(t) dt (5. 15)

T

-r/2

v(t) = instantaneous wind speed at time t

t = time reckoned from the beginning of the averaging period.

If r = 0, then u = u according equation ( 5. 15), and it follows from

equation (5. 14) that G = 1.0. As r increases, u departs from u, and

u -< u and G > 1.0. Also, as r increases, the probability of finding a maxi-

mum wind of a given magnitude increases. In other words, the maximum wind

speed increases as r increases. In the case of u= 0and u- 0 (u= 0might

correspond to windless free convection), G = _. As u or u increases, G

tends to decrease for fixed T > 0; while for very high wind speeds (neutral

stratification), G tends to approach a constant value for given values of z

and _. Finally, as z increases, G decreases. Thus, the gust factor is a

function of the averaging time T over which the mean wind speed is calculated,

the height z, and the wind speed (mean or maximum).

5.2.7.1 Gust Factor as a Function of Peak Wind Speed at Reference

Height (u18" 3 ) for Cape Kennedy

Representation of the first factor G as a function of height h,

averaging period T, and the 18. 3-meter peak wind speed u18" 3 is based

upon the fact that the design wind statistics are calculated in terms of peak

winds. Thus G will be given as a function of u18" 3' z and r.

Investigations of the mean gust factor data revealed that the variation

of the gust factor in the first 150 meters of the atmosphere could be described

with the following relationships:

o (l )pgo ' (5.16)

where h is the height in meters above natural grade. The parameter p, a

function of the 18. 3-meter peak wind speed in meters per second, is given by

-0. 2 u18" 3
p = 0.283 - 0.435e . (5.17)
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The parameter _0, depends on the averaging time and the 18. 3-meter peak

wind speed and is given by

go -- 0.085 _- - 0.329 n

-0. 2 u18" 3
+ 1.98- 1.887e , (5.18)

where T is given in minutes and, u 18. 3 in meters per second.

These relationships are valid for u18" 3 -_ 4 m/sec and T -< 10 rain.

In the interval 10 rain _ • -< 60 rain, G is a slowly increasing monotonic

function of r, and for all practical purposes the 10-minute gust factors

(r = 10 rain) can be used as estimates of the gust factors associated with

averaging times greater than 10 minutes and less than 60 minutes ( 10 min -

r -< 60 min).

The'dependence of the 18. 3-meter height gust factor upon the averaging

time and the peak wind speed is shown in Figure 5.2. 13. Figure 5. 2. 14

illustrates the dependence of the 10-minute gust factors upon the peak wind

speed and height.

The calculated mean gust factors for 10 minutes for values of u18" 3

in the interval 4. 63 m/sec -< u18.3-- ,o are presented in Table 5. 2. 29 in both

the U. S. customary and metric units for u18" 3 and h. The gust factor pro-

file for T = 10 minutes and u18 ' 3 = 9. 27 m/sec ( 18 knots) is given by

Table 5. 2. 30. These values are valid only for the Cape Kennedy area.

Since the basic wind statistics are given in terms of hourly peak winds,

use the T = 10 minute gust factors to convert the peak winds to mean winds

by dividing by G. All gust factors in these sections are expected values for

any particular set of values for u, r, and h.

5. 2. 7.2 Gust Factors for Other Locations

For design purposes, the gust factor value of 1.4 will be used

over all altitudes of the ground wind profile at other test ranges. This gust

factor should correspond to approximately a 10-minute averaging period.
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5.2.8 Ground Wind Shear

Local or point values of wind shear can be obtained by differen-
tiating equation (5. 1) with respect to height z. When the 18. 3-meter level

is used as a reference and the 99. 97-percentile values of k are employed,
the equation for local wind shear is given by

du 1.6 u 1/4 1.6 u18" 3 -3/4

dz z _ (5. 19)

Figure 5. 2. 15 presents the shears as computed with the above equation

for six levels. Wind shear near the surface, for design purposes, is a shear

that adts upon a space vehicle, free-standing on the pad, or at time of lift-off.

For overturning moment calculations, the 10-minute mean wind at the height

of the vehicle base and the peak wind profile value at the height of the vehicle
top is employed in the calculations.
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TABLE 5.2. 30 GUST FACTOR PROFILE FOR 7 = 10 min

AND u18" 3 = 9.27 m/sec (f8 knots)

(ft)

33

60

100

200

300

400

500

Height

(m)

10.0

18.3

30.5

61.0

91.4

121.9

152. 4

Gust Factor

(G)

1. 676

1. 594

1. 532

1. 459

1. 421

1. 395

1. 377

U

0.1

II.3

4_

11.0

121.t I

O_ _ lS2.4

6 10 100

Ull.3 (ms"1)

FIGURE 5. 2. 15 LOCAL WIND SHEARS FOR SIX LEVELS

5.2.9 Ground Wind Direction Characteristics

Figure 5. 2. 1 (Subsection 5. 2. 5) shows a time trace of wind
direction (a section of a wind direction recording chart). This wind direction

trace may be visualized as being composed of a mean wind direction plus
fluctuations about the mean. An accurate measure of wind direction in the free
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atmosphere near the ground is difficult to obtain because of the interference of

the structure that supports the instrumentation and other obstacles in the

vicinity of the measurement location (Ref. 5. 11). The measured wind direc-

tions represent conditions existing at a given place, and they are directly

applicable in vehicle-response-to-ground-winds studies.

General information such as that which follows is available and may be

used to specify conditions for particular studies. For instance, in Reference

5. i2 is discussed the variation of lateral wind-direction for various stability

regimes. A graph is shown in Reference 5. 12 that gives values of the

standard deviation of the lateral wind direction _0 as a function of height

for a sampling time of about 10 minutes. It states that _0 for sampling per-

iods greater than 1 minute with some given stability condition will always be

larger when the wind is light than when it is strong. In general, the more

stable the air, the smaller the _0' except for the case of meandering wind

directions for very low wind speeds and very stable conditions.

5.2.10 Design Winds for Facilitiesand Ground Support Equipment

5. 2. 10. 1 Introduction

In this section, the important relationships between desired life-

time N, calculated risk U, design return period TD, and design wind WD

will be described for use in facilities design for several locations.

a. The desired lifetime N is expressed in years, and pre-

liminary estimates must be made as to how many years the proposed facility
is to be used.

b. The calculated risk U is a probability expressed either

as a percentage or as a decimal fraction. Calculated risk, sometimes referred

to as design risk, is a probability measure of the risk the designer is willing

to accept that the facility will be destroyed by wind loading in less time than
the desired lifetime.

c. The design return period T D is expressed in years and is

a function of desired lifetime and calculated risk.

d. The design wind W D is a function of the desired lifetime

and calculated risk and can be derived either through the design return

period and a probability distribution function of yearly peak winds or from an

analytical expression.
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5.2. I0.2 Development of Relationships

From the theory of repeated trial probability we can derive the

following expression:

In (I - U)
N = (5.20)

Equation (5. 20) gives the important relationships for the three variables,

calculated risk U, design return period T D, and desired lifetime N. If

estimates for any two variables are available, the third can be determined.

From the derivation of equation (5. 20), solutions for the design return

period versus desired lifetime for various design risks are given in

Table 5. 2. 31. In Table 5.2. 31, the exact and adopted values for design return

period versus desired lifetime for various design risk are presented. The

adopted values for TD are in some cases greatly oversized to facilitate a

convenient use of the tabulated probabilities for the distributions of yearly

peak winds.

FIGURE 5. 2. 31 EXACT AND ADOPTED VALUES FOR DESIGN RETURN

PERIOD (T D, years) VERSUS DESIRED LIFETIME (N, years
FOR VARIOUS DESIGN RISKS (U)

Design Return Period (years)

N !

u=0.50% u=0.20% u=io% I u= 5% u_:i%(years)

Exact Adopted Exact Adopted Exact Adopted Exact Adopted

i

10

20

25

30

50

i00

2 2

15 15

29 30

37 40

44 50

73 i00

i45 i50

15 5

45 50

90 100

1 t3 125

135 150

225 250

449 500

i0 i0

95 i00

i90 200

238 250

285 300

475 500

950 i000

2O

i96

39O

488

585

975

i950

20 i00

200 996

400 199 i

500

600

i000

2000

Exact Adopted

i00

1000

2000
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5.2. i0.3 Design Winds for Facilitiesat Cape Kennedy

To obtain the design wind, it is required that the wind speed

corresponding to the design return period be determined. Since the design

return period can be expressed in terms of probability, either of two pro-

cedures can be used to determine the design wind: One is through a graphical

or numerical interpolation procedure; The second is from an analytical function.

A knowledge of the distribution of yearly peak winds is required for both
procedures. For the greatest statistical efficiency in arriving at a knowledge

of the probability that peak winds will be less than or equal to some specified

value of yearly peak winds {thatis, P(W -< W*) or for exceedance probabilities,

P(W > W*) = [ 1 - P(W _ W*)]}, the choice of an appropriate probability dis-
tribution function is made, ann the parameters for the function are estimated

from the sample of yearly peak winds. From the investigation leading to the
distribution of hourly, daily, monthly, and yearly peaks it was learned that the

Gumbel distribution was an excellent fit for the 17 years of yearly peak ground
winds at the 10-meter level for Cape Kennedy. (The Frechet, a special case

of Fisher-Tippett Type II, distribution, was also an adequate fit to this sample.

The distribution of yearly peak wind ( 10-meter leveD, as obtained by the

Gumbel distribution, is tabulated for various percentiles along with the corre-

sponding return periods in Table 5.2.32. The values for the parameters c_

and _ for this distribution are also given in this table.

The design wind can now be determined by making a choice for desired

lifetime and design risk and by taking the design return period from

Table 5.2.31 and looking up the wind speed corresponding to the return period

given in Table 5.2.32. For combinations not tabulated in Tables 5.2.31 and

5. 2.32, the design return period can be interpolated.

5.2. i0.4 Procedure to Determine Design Winds for Facilities

It is desired to show an analytical form for the design wind WD

as a function of desired lifetime N and calculated risk U, given a Gumbel

distribution. This expression for WD as a function of N and U for the

Gumbel distribution of peak winds at the 10-meter reference level can be
derived as

WD = "_i (__n[__n(l_U)] +_n N} + _ , (5.21)

where cz and _ are estimated from the sample of yearly peak winds.
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TABLE 5. 2. 32 GUMBEL DISTRIBUTION FOR YEARLY PEAK WIND SPEED,

10-m REFERENCE LEVEL, INCLUDING HURRICANE WINDS,

CAPE KENNEDY

Return Period

(years)

2

5

10

15

20

30

45

50

90

i00

150

200

250

300

400

5OO

600

1 000

10 000

Probability

O.50

O. 80

O.90

O. 933

O. 95

O. 967

O. 978

O. 98

O. 9889

O. 99

0. 9933

0. 995

0. 996

0. 9967

0. 9975

0.36651

1.49994

2.25037

2.66859

2.97020

3.39452

3. 80561

3.90191

4.49523

4.60015

5.00229

5.29581

5.51946

5. 71218

5.99021

6.21361

6. 37628

6.90726

9.21029

m/sec

25.45

31.79

35.98

38. 33

40.01

42.

44.

45.

48.

49.

51.

53.

54.

55.

56.

0.9980

0.9983

O. 9990

0.9999

38

68

22

54

12

37

01

26

34

90

58. 14

58. 75

62. 02

74. 90

Knots

49. 47

61.79

69.95

74. 50

77. 77

82. 39

86.86

87.90

94.35

95.49

99.86

103.05

105.48

107.58

110.60

113.02

114.20

120.56

145.60

c_ = 0. 1788 m/sec -1 (0. 0920 knots)-I
1

m = 5. 5917 m/sec (10. 8675 knots)
OL

/_ = 23. 4 m/sec (45. 49 knots)

1
Taking the values for _ = 5. 5917 m/sec ( 10. 8695 knots) and for

= 23. 4 m/sec (45.49 knots) from Table 5.2. 32 and evaluating equation (5. 21)

for selected values of N and U, yields the data in Table 5. 2. 33.
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TABLE 5. 2. 33 FACILITY DESIGN WIND .(WD10_. WITH RESPECT TO THE

t0-m REFERENCE LEVEL PEAK WIND SPEED FOR VARIOUS

LIFETIMES (N), CAPE KENNEDY

0. 63212

O. 50

O. 4296

0.40

0.30

0.20

0.10

O. 05

0.01

l-U la [to (l-U)]

O. 36799 0

O. 50 O. 36651

0. 5704 0. 57722

0. 60 0. 67173

0. 70 1. 03093

O, 8O 1. 49994

0.90 2. 25037

0. 95 2. 97020

0. 99 4. 60016

Design Wind (WDt 0 )

for Variotm Lifetimes (N)a

N=I

(m/see) (knom)

23. 40 45. 49

25. 45 49. 47

26. 62 31.76

27.16 52. 79

29. 17 56. 70

31.79 61.79

35. 99 69.95

40. 01 77. 77

49. 12 95. 49

N=10

(m/aec) (knotJ)

36. 28 70. 52

38. 33 74. 50

39. 50 76. 79

40. 03 77. 82

42. 04 81.72

44. 66 86. 82

48. 86 94. 98

52. 88 102. 80

62. O0 120. 52

N=30

(m/sec) ] (knots)

42. 42 82. 46

44. 47 86, 44

45. 65 88. 73

46. 18 89. 76

48. 19 93.67

50. 81 98. 76

55. O0 106. 92

59. 03 114.74

68. 14 152. 46

N= tOO

(m/sec) (knots)

49. 15 95. 55

51.20 99. 53

52. 38 I01.82

52. 92 102. 85

54. 92 106. 75

57,54 111.85

61.74 120. O1

66. 76 127. 83

74. 88 145. 55

a. Values of N are given in years.

<"I "
"I-

::I
o 110

+I.M}_" p

2B

o I I I I I I I Jl I Ii [ I I I _ I I I I I I i i i i J
1 'tO ._ _O0 100o

N YINW$

FIGU_bE 5. 2. 16 FACILI_Z' DESIGN WIND / Wvl0/. WITH RE SPECT TO THE

lO-m REFERENCE LEVEL PEAK WIND SPEED FORVARIOUS

LIFETIMES (N), CAPE KENNEDY
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An inspection of equation (5.21) reveals that the design wind W is
I)10

a linear function of the logarithm of the desired lifetime for given values of

and #. Thus, a convenient plot for design wind versus desired lifetime

canbe illustrated as in Figure 5.2. 16. The slope of all curves in Figure 5. 2. 16

aWD 1

is the same; therefore aN is a constant equal to _ for all risk levels.

5. 2. 10. 5 Requirements for Wind Load Calculations

The design wind for a structure cannot be determined solely by

wind statistics at a particular height. Estimates of wind loads are required,

for which a wind profile is needed. The design engineer is most interested

in designing a structure which satisfies the users' requirements for utility,
which will have a minimum risk of failure within the desired lifetime of the

structure, and which can carry the maximum wind load and be constructed at

a minimum cost. The total wind loading on a structure is composed of two

interrelated components, drag wind loads and dynamic wind loads. The time

required for a structure to respond to the drag wind loads dictates the averaging

time for the wind profile. In general, the structure response time depends upon

the shape and size of the structure. The natural frequency of the structure and

the size and shape of the structure and its components are important in esti-

mating the dynamic wind load. It is conceivable that a structure could be

designed to withstand very high wind speeds without structural failure and still

oscillate in moderate wind speeds. If such a structure, for example, is to be

used to support a precision tracking radar, then there may be little danger of

overloading the structure by high winds; but the structure might be useless for

its intended purpose if it were to oscillate in a moderate wind. Also, a build-

ing may have panels or small members that could respond to dynamic loading

in such a way that long-term vibrations could cause failure, without any struc-

tural failure of the main supporting members. Since dynamic wind loading

requires an intricate knowledge of the particular facility and its components,

no attempt is made here to state generalized design criteria for dynamic wind

loading. The emphasis in this section is upon winds for estimating drag wind

loads in establishing design wind criteria for structures. Reference is made

to subsection 5.2. 5 for some information appropriate to dynamic wind loads.

5. 2. 10. 6 Wind Profile Construction

Given the peak wind at the 10-meter level, the peak wind profile

can be constructed with the peak wind profile law from subsection 5. 2. 5.

Equation (5. 1) can be obtained by using the appropriate gust factors which
are discussed in subsection 5.2. 7.
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To illustrate the procedures and operations in deriving the wind profile

and the application of the gust factors, three examples are worked out for

Cape Kennedy. The peak wind speed at the 10-meter level of 36, 49, and

62 m/sec (70, 95, and 120 knots) have been selected for these examples.

These three wind speeds were selected because they correspond to a return

period of 10, 100, and 1000 years for a peak wind at the 10-meter level at

Cape Kennedy.

Now, let us consider 36-, 49-, and 62-m/sec (70-, 95-, and 120-knot)

peak wind at the 10-meter level to be the design wind relative to the peak wind

at the 10-meter level (WDI_ , and the corresponding return periods to be the

design return periods. Then the calculated risks versus the desired lifetimes

are given in Table 5. 2. 34.

FIGURE 5.2.34 CALCULATED RISK (U) VERSUS DESIRED LIFETIME

(N, years) FOR ASSIGNED DESIGN WINDS RELATED TO PEAK WINDS

AT THE 10-m REFERENCE LEVEL, CAPE KENNEDY

N

(years)

1

10

20

25

30

50

100

WD1 ° 36 m/sec

(70 knots)

T D = 10 years

u%

10

65

88

93

95.8

99.5

99.997

TD = Design return period

WD1 ° = 49 m/sec

( 95 knots)

T D = 100 years

u%

1.0

10

18

22

26

39. 5

63. 397

WD1 ° 62m/sec

(120knots)

TD = 1000 years

u%

0.1

1

2

2.5

3

5

10
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From an evaluation of equation (5. i) for z = I0, 18.3, 30.5, 61.0,

91.4, 121.9, and 152.4 meters, the peak wind profiles corresponding to the

peak winds of 36, 49, and 62 m/sec (70, 95, and 120 knots) at the 10-meter

level, shown in Table 5.2. 35, were obtained by a table look-up. Table 5.2. 35

gives the peak design wind profiles corresponding to the desired lifetimes and

calculated risks presented in Table 5.2. 34.

5.2. 10.7 Use of Gust Factors Versus Height

Inestimating the drag load on a particular structure, it may be

determined that wind force of a given magnitude must act on the structure for

some period (for example, 1 rain) to produce a critical drag load. To obtain

the wind profile corresponding to a time averaged wind, the peak wind profile

values are divided by the required gust factors. The gust factors for winds

> 15 m/sec (30 knots) versus height given in Table 5. 2. 36 are taken from

subsection 5. 2. 7. This operation may seem strange to those engineers who are

accustomed to multiplying the given wind by a gust factor in establishing the

design wind. This is because most literature on this subject gives the reference

wind as averaged over some time increment (for example, 1, 2, or 5 rain) or

in terms of the "fastest mile" of wind that has a variable averaging time depend-

ing upon the wind speed. The design wind profiles for the three examples, that

is, in terms of the peak winds of 36, 49, and 62 m/sec (70, 95, and 120 knots)

at the 10-meter level, for various averaging times T, given in minutes, are

illustrated in Tables 5.2. 37, 5. 2. 38, and 5. 2. 39. Following the procedures

presented by this example, the design engineer can objectively derive several

important design parameters that can be used in meeting the objective of

designing a facility that will (1) meet the requirements for utility and desired

lifetime, (2) withstand the maximum wind loading with a known calculated risk

of failure, caused by wind loads, and (3) allow him to proceed with trade-off

studies between the design parameters and to estimate the cost of building a

structure to best meet these design objectives.

5. 2. 10. 8 Recommended Design Risk Versus Desired Lifetime

Unfortunately, there is not a clear-cut precedent from building

codes to follow in recommending design risk for a given desired lifetime of a

structure. This could be because the consequences of total loss of a structure

due to wind forces differ according to the purpose of the structure. Conceivably,

a value analysis in terms of original investment cost, replacement cost, safety

of property and human life, loss of national prestige, and many other factors

could be made to give a measure of the consequences for the loss of a particular

structure in arriving at a decision as to what risk the management ls willing to

accept for the loss within the desired lifetime of the structure. If the structure



TABLE 5. 2. 35 DESIGN 6 PEAK WIND PROFILES FOR DESIGN WIND

RELATIVE TO THE 10-m REFERENCE LEVEL, CAPE KENNEDY

5. 55

Height

(m)

33 i0

6O 18.3

! t00 30.5

200 61.0

300 91.4

400 121.9

50O 152.4

36 m/see

WDlo= (70 knots)

Cknots) (ms -i)

70.0 36.0

74.5 38.4

78.6 40.4

84.4 43.4

88.0 45.3

90.7 46.7

92.8 47.8

49 m/see

WDlo (95 knots)

(knots) (ms -1)

95.0 48.9

99.9 51.4

104.2 53.7

tI0.4 56.8

114.2 58.8

117.0 6O. 2

119.1 61.3

62 m/see
Wl_lo = (120 knots)

(knots) (ms -i)

120.0 61.8

125.2 64.5

129.8 66.8

136.2 7O. 1

t40.2 72.2

143.0 73.62

145.3 74.8

TABLE 5. 2. 36 GUST FACTORS FOR VARIOUS AVERAGING TIMES (_) FOR

PEAK WINDS > 15 m/see { 30 knots) AT THE 10-m REFERENCE LEVEL

VERSUS HEIGHT, CAPE KENNEDY

Height

(m)

33 t0

60 18.3

I00 30.5

200 61.0

3OO 91.4

4OO 121.9

500 152.4

r=0.5

1.318

1.268

1.232

1.191

1.170

1. 157

t. 147

Various Averaging Times (r, min )

I"=i

1. 372

i. 3t4

1. 271

i. 223

1. t99

1. 183

1. 172

r=2

1. 435

i. 366

i.3t7

i. 26i

i. 232

1.2t4

1.20t

v=5

1. 528

1.445

1.385

1.316

1.282

1.26O

1. 244

T=10

1. 599

1.505

1.437

1. 359

1.32O

1. 295

1.277

1 See Table 5. 2. 34 for calculated risk values versus desired lifetime
for these design winds.
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TABLE 5. 2.37 DESIGI. 7 WIND PROFILES FOR VARIOUS AVERAGING

TIMES (r) FOR PEAK DESIGN WIND OF 36.0 m/sec (70 knots) RELATIVE

TO THE 10-m REFERENCE LEVEL, CAPE KENNEDY

Height Design Wind Profiles for Various Averaging Times (7)

(ft) (m) "7=0

(m/sec) (knots)

33 10 36.0 70.0

60 18. 3 38.3 74. 5

100 30.5 40.4 78. 6

200 61.0 43.4 84. 4

300 91.4 45.3 88.0

400 121. 9 46.7 90.7

500 152. 4 47.7 92. 8

"triO.5

(m/sec) (knotS)

27.3 53. I

30.2 58.8

32. 8 63. 8

36.5 70.9

38.7 75.2

40.3 78. 4

41.6 80.9

"r=1

(m/sec) (knots)

26.2 51.0

29. 2 56.7

31.8 61.8

35.5 69.0

37.8 73.4

39. 5 76.7

40.7 79.2

7_2

(m/sec) (knots)

25. I 48. 8

28. 0 54. 5

30.7 59. 7

34. 4 66.9

36. 7 71.4

38.4 74. 7

39. 8 77.3

r=5

(m/sec) (knots)

23. 6 45.8

26.5 61.6

29.2 56.8

33.0 64. 1

35.3 68.6

37.0 72. 0

38.4 74. 6

r=10

(m/sec) (knots)

22. 5 43. 8

25. 5 49. 5

28. 1 54. 7

31.9 62. 1

34. 3 66.7

36.0 70.0

37.4 72. 7

TABLE 5.2. 38 DESIGN 7 WIND PROFILES FOR VARIOUS AVERAGING

TIMES (r) FOR PEAK DESIGN WIND OF 48. 9 m/sec (95 knots) RELATIVE
TO THE 10-m REFERENCE LEVEL, CAPE KENNEDY

HeiSt

(ft) (m) r=O

(m/sec) (knots)

33 I0 48. 9 95.0

60 18. 3 51.4 99.9

I00 30. 5 53. 6 104. 2

200 61.0 56. 8 110.4

300 91.4 58. 7 114. 2

400 121.9 60.2 117.0

500 152. 4 61.3 119. 1

Design Wind Profiles for Variov_ Averaging Times (r)

• =0.5

(m/sec) (knots)

37.1 72. 1

40.5 78.8

43.5 84. 6

47.7 92. 7

50.2 97.6

52. 0 101. 1

53.4 103. 8

7=I

(m/sec) (knots)

35.6 69.2

39. i 76.0

42. 2 82. 0

46.5 90.3

49.0 95.2

50.9 98. 9

52. 3 101.6

r=2

(m/sec) (Imots)

34. 1 66.2

37. 6 73. 1

40.7 79. 1

45.0 87.5

47. 7 92. 7

49. 6 96.4

51.0 99. 2

T=5

(m/sec) (knots)

32. 0 62. 2

35. 5 69. 1

38. 7 75. 2

43. 2 82. 9

45. 8 89. 1

47.8 92. 9

49.2 95. 7

vffil0

(m/sec) (knots)

30.6 59.4

34. 2 66. 4

37.3 72.5

41.8 81.2

44. 5 86. 5

46.5 90.3

48.0 93. 3

. See Table 5. 2. 34 for calculated risk values versus desired lifetime
for these design winds.
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TABLE 5. 2. 39 DESIGN WIND s PROFILES FOR VARIOUS AVERAGING

TIMES (r) FOR PEAK DESIGN WIND OF 61.7 m/sec (120 knots) RELATIVE

TO THE 10-m REFERENCE LEVEL. CAPE KENNEDY

Height Design Wind Profiles for Various Averaging Times (r)

(ft) (m)

33

60

100

200

300

400

500

r=0

(m/sec)

10 61.7

18. 3 64.4

30. 5 66. 8

61.0 70. 1

91.4 72. 1

121.9 73. 6

152. 4 74. 7

(knots)

120. 0

125. 2

129. 8

136. 2

140. 2

143. 0

145. 3

_=0. 5

(mtsec) (knots)

46. 8 91.0

50.8 98.7

54. 2 105. 4

58.9 114. 4

61.6 119. 8

63.6 123. 6

65.2 126.7

_=1

(mtsecJ (knob)

45.0 87.5

49.0 95. 3

52.5 102. 1

57.3 111.4

60. 1 116. 9

62. 2 120. 9

63.8 124.0

r=2

(m/sec) (Imots)

43. 0 83. 6

47. 2 91.7

50. 7 98. 6

55. 6 108. 0

58.5 113.8

60.6 117.8

62. 2 121.0

r=5

(m/sec) (knots)

40. 4 78. 5

44. 6 86. 6

48. 2 93. 7

53. 2 t03. 5

56. 3 109. 4

58.4 113.5

60.1 116.8

T=IO

(m/sec) (knots)

38.6 75. 0

42. 8 83. 2

46. 5 90.3

51.5 100.2

54. 6 106.2

56.8 110.4

58.5 113.8

is an isolated shed then obviously its loss is not as great as a structure
that would house many people or a structure that is critical to the mission of

a large organization; nor is it as potentially unsafe as the loss of a nuclear

power plant or storage facility for explosives or highly radioactive materials.

To give a starting point for design studies aimed at meeting the design objec-
tives, it is recommended that a design risk of 10 percent for the desired

lifetime be used in determining the wind loading on structures that have a high

replacement cost. Should the loss of the structure be extremely hazardous to

life or property, or critical to the mission of a large organization, then a
design risk of five percent or less for the desired lifetime is recommended.

These are subjective recommendations involving arbitrary assumptions about

the design objectives. Note that the larger the desired lifetime, the greater

the design risk is for a given wind speed (or wind loading). Therefore,
realistic appraisals should be made for desired lifetimes.

5.2.10.9 Design Winds for Facilitiesat The Space and Missile Test Center,

(Vandenberg AFB), Wallops Island, White Sands Missile Range,

Edwards Air Force Base, New Orleans, 9 and Huntsville

5. 2. 10. 9. 1 The Wind Statistics

The basic wind statistics for these five locations are taken from

Reference 5. 13, which presents isotachs, in the form of maps, for the

8. See Table 5. 2. 34 for calculated risk values versus desired lifetime for

these design winds.

9. Includes Mississippi Test Facility area.
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50, 98, and 99 percentile values for the yearly maximum "fastest mile" of

wind in the units miles per hour for the 30-foot _~10-m) reference height

above natural grade. By definition, the fastest mile is the fastest wind speed

in miles per hour of any mile of wind during a specified period (usually taken

as the 24-hour observational day), and the largest of these in a year for the

period of record constitutes the statistical sample of yearly fastest mile.
From this definition, it is noted that the fastest mile as a measure of wind

speed has a variable averaging time; for example, if the wind speed is 60 miles

per hour, the averaging time for the fastest mile of wind is 1 minute. For a

wind speed of 120 miles per hour, the averaging time for the fastest mile of

wind is 0. 5 minute. Thorn reports that the Fr_chet probability distribution

function fits his samples of fastest mile very well. The Fre_chet distribution

function is given as

( 5. 22)

where the two parameters fl and _ are estimated from the sample by the

maximum likelihood method. From Thorn's maps of the 50, 98, and 99

percentiles of fastest mile of wind for yearly extremals, we have estimated

(interpolated) for these percentiles for the five locations and calculated the

values for the parameters fl and T for the Frdchet distribution function and

computed several additional percentiles, as shown in Table 5. 2. 40. To have

units consistent with the other sections of this document, the percentiles and

the parameters _ and _, have been converted from miles per hour to knots

and m/sec. Thus, Table 5. 2. 40 gives the Fre_chet distribution for the fastest

mile of winds at the 30-foot (~10-m) level for the five locations with the units

in knots and m/sec.

The discussion in subsection 5. 2. 10. 2. 4, devoted to desired lifetime,

calculated risk, and design winds with respect to the wind statistics at a

particular height (10-m level) is applicable here, except that the reference

statistics are with respect to the fastest mile converted to knots and m/sec.

5. 2. 10. 9. 2 Conversion of Fastest Mile to Peak Winds

It was mentioned in subsection 5. 2. 10. 3 that the Fr_'chet distri-

bution for the 17-year sample of yearly peak winds for Cape Kennedy was an
acceptable fit to this sample. The Fre_chet distributions for the fastest mile

were obtained from Thorn's data (maps) for Cape Kennedy. From these two

distributions (the Frgchet for the peak winds as well as for the fastest mile),

the ratio of the percentiles of the fastest mile to the peak winds were taken.
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This ratio varied from 1. 12 to 1.09, over range of percentiles from the 30th

to the 99th. Thus, we adopted 1.10 as a factor to multiply the statistics of the

fastest mile of wind to get the value in knots necessary to obtain peak

(instantaneous) wind statistics. This procedure is based upon the evidence

of only one station. A gust factor of 1.10 is often applied to the fastest mile

statistics in facility design work to account for gust loads.

5. 2. 10. 9.3 The Peak Wind Profile

The peak wind profile law adopted for the five locations for peak

winds at the 10-meter level greater than 22. 6 m/sec (44 knots) is

(._.) 1/7
Z

U Z = UlO (5.23)

where ul0 is the peak wind at the 10-meter height and u is the peak wind at
height z in meters, z

5. 2. 10. 9. 4 The Mean Wind Profile

To obtain the mean wind profile for various averaging times, the

gust factors given in subsection 5. 2. 7, are applied to the peak wind profile

as determined by equation (5. 23).

5. 2. 10. 9. 5 Design Wind Profiles for Six Station Locations

The design peak wind profiles for the peak winds in Table 5. 2. 41

are obtained from the adopted peak wind power law given by equation (5. 23),

and the mean wind profile for various averaging times are obtained by dividing

by the gust factors for the various averaging times. (The gust factors versus

height and averaging times are presented in Table 5. 2. 36.) The resulting

selected design wind profiles for design return periods of 10, 100, and 1000

years for the five stations are given in Tables 5. 2. 42 through 5. 2. 56, in

which values of r are given in minutes. The design risk versus desired

lifetime for the design return periods of 10, 100, and 1000 years is presented
in Table 5. 2. 47.
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TABLE 5.2.41 PEAK WIND _ (fastest mile values times 1.0) FOR THE 10-m

REFERENCE LEVEL FOR 10-, 100-, AND 1000-YEAR RETURN PERIODS

T D

(years)

10

100

1000

Huntsville

(m/sec) (knots)

29. 4 57.2

42.1 81.8

60.0 116.6

Peak Winds

New Orleans

(m/sec) (knots)

33.2 64. 5

48.9 95. 0

71.4 138. 7

SAMTEC a

and White Sands

(m/sec) (knotS)

26. 8 52. 1

39. 3 76. 3

56. 9 t 10.7

Wallops

Island

(m/sec) (knots)

36.8 71.5

53. 8 104. 5

78. 0 t51.6

Edwards AFB

(m/sec) (knots)

19.9 38.7

35.7 69.4

63.7 123.9

ao Vandenberg AFB, California.

TABLE 5. 2. 42 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (T) FOR A PEAK WIND OF 29. 4 m/sec (57.2 knots)

(10-year return period) FOR HUNTSVILLE, ALABAMA

Height

(ft) (m)

33 10

60 18.3

100 30. 5

200 61.0

300 91.4

400 121.9

5O0 152. 4

Facilities Design Wind as a Function of Averaging Time (r)

r=0

(peak)

(m/sec) (knots)

29. 4 57. 2

32. I 62. 4

34. 5 67.1

38.1 74. 1

40.4 78. 5

42. 1 81.8

43. 0 83. 6

r=0. 5

(m/sec) {knots)

22. 3 43. 4

25. 3 49.2

28.0 54. 5

32. 0 62. 2

34. 5 67. I

36.4 70.7

37.5 72.9

i

r=l

(m/sec) (knots)

21.5 41.7

24. 4 47.5

27. 2 52. 8

31.2 60.6

33. 7 65.5

3l. 2 60. 7

36. 7 71.3

r=2

(m/sec) (knots)

20. 5 39. 9

23. 5 45. 7

26. 2 60. 9

30. 2 58.8

32. 8 63.7

34. 7 67.4

35. 8 69. 6

r=5

(m/sec) (knots)

19. 2 37. 4

22. 2 43. 2

24. 9 48. 4

29. 0 56. 3

31.5 61.2

33. 4 64. 9

34. 6 67.2

r=10

(m/see) (knots)

18.4 35. 8

21.3 41.5

24.0 46.7

28.0 54. 5

30.6 59.5

32.5 63. 2

33.7 65. 5
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TABLE 5.2. 43 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (T) FOR A PEAK WIND OF 42. i m/sec (81.8 knots)

(100-year return period) FOR HUNTSVILLE, ALABAMA

Heighl

(ft) (m)

33 1O

60 18, 3

100 30.51

200 61.0 !

300 91.4

400 121.9

500 152. 4

Facilities Design Wind as a Function of Averaging Time Iv)

r-(}

(peak)

(m/sec) (knots)

42. I 81.8

45. 9 89.2

49.3 96.9

54.5 105.9

57.7 112.2

59.9 116.5

61.5 119.5

r-_}. 5

(m/sec) (knots)

31.9 62. 1

36.2 70.3

40.0 77.8

45.7 88. 9

49.3 95. 9

51.8 100.7

53. 6 104. 2

r 1

(m/sec) (knots)

30.7 59. 6

34. 9 67.9

38.8 75. 5

44. 6 86.6

48.2 93. 6

50.7 98. 5

52. 5 102. 0

r=2

(m/sec) (knots)

29. 3 57.0

33.6 65. 3

37.5 72. 8

43. 2 84. 0

46.9 91.1

49.4 96.0

51.2 99.5

r=5

(m/sec) (knots)

27.5 53. 5

31.7 61.7

35.6 69.2

41.4 80.5

45. O 87.5

47.6 92. 5

49. 4 96. 1

r=lO

(m/sec) (knots)

26. 3 51.2

30. 5 59.3

34. 3 66.7

4O. 1 77.9

43. 7 85. 0

46. 3 90.0

48. 2 93. 6

TABLE 5.2. 44 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (T) FOR A PEAK WIND OF 60.0 m/sec (116. 6 knots)

(1000-year return period) FOR HUNTSVILLE, ALABAMA

Height

{ft) (m)

33 I0

60 18.3

I00; 30.5

200 61.0

3001 91.4

400 121.9

5001152.4

i

Facilities Design Wind as a Function of Averaging Time (r)

r=0

(peak)

(m/sec) (knots)

60.0 116.6

65.3 127.0

70.3 136. 6

77.6 160. 8

82. 2 159. 8

85.7 166. 5

88. 4 171.9

r=O. 5

(m/sec) (knots)

45. 5 88.5

61.5 IO0.2

57.1 Ii0.9

65. 1 126.6

70. 3 136.6

74. 0 143.9

77. I 149. 9

r=l

(m/sec) I (knots)

43.7 85.0

49.7 96.7

55.3 107.5

63.4 123.3

68.6 133.3

72.4 140.7

75.5 146.7

T.=2

(m/sec) (knots)

41.8 81.3

47.8 93. 0

53.3 103. 7

61, 5 119. 6

66.7 129.7

7O. 5 137. 1

73. 6 143. 1

r=5

(m/sec) (lmots)

39.2 76.3

45.2 87.9

50.7 98.6

59.0 114.6

64.1 124.6

68.0 132.1

71.1 138.2

r=10

(m/sec) (knots)

37.5 72. 9

43. 4 84. 4

48. 9 95. 1

57.1 111.0

62. 3 121.1

66. 2 128. 6

69. 2 134. 6
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TABLE 5. 2. 45 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (T) FOR A PEAK WIND OF 33. 2 m/sec (64. 5 knots)

(10-year return period) FOR NEW ORLEANS

Height

(ft) (m)

33 10

60 18. 3

100 30. 5

200 61.0

300 91.4

400 121.9

500 152. 4

r=O

(peak)

(m/sec) (knots)

33. 2 64. 5

36. 2 70. 3

38. 9 75. 6

43. 0 83. 5

45. 5 88. 5

47.4 92.2

48. 5 94. 3

Facilities Design Wind as a Function of Averaging Time (7)

r=0.5 r=l r=2 7=5 _=10

(m/sec) (knotS)

25. 2 48. 9

28. 5 55. 4

31.6 61.4

36. I 70. I

38.9 75.6

41.0 79. 7

42. 3 82. 2

(m/sec) (knots)

24. 2 47.0

27. 5 53, 5

30. 6 59. 5

35. I 68. 3

38. 0 73. 8

40. 1 77.9

41.4 80. 5

(m/sec) (knots)

23. 1 44. 9

26.5 51.5

29.5 57. 4

34. 1 66. 2

36.9 71.8

39. 0 75. 9

40.4 78.5

(m/sec) (knots)

21.7 42. 2

25. I 48. 7

28. 1 54. 6

32. 6 63. 4

35. 5 69. O

37.7 73. 2

39. 0 75. 8

(m/sec) (k=ots)

20.7 40.3

24. 0 46. 7

27. I 52. 6

31.6 61.4

34. 5 67.0

36. 6 71.2

38.0 73.8

TABLE 5. 2. 46 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (T) FOR A PEAK WIND OF 48. 9 m/sec (95. 0 knots)

(100-year return period) FOR NEW ORLEANS

Height

(ft) (m)

33 10

60 18. 3

I00 30. 5

200 61.0

300 91.4

400 121.9

500 152. 4

T_0

(peak)

(m/sec) (knots)

48.9 95.0

53. 3 103.6

57.3 111. 1

63. 3 123.0

67.0 130.3

69.9 135.8

71.4 138.8

Facflitins Design Wind as a Function of Averagiug Time (T)

r=0. 5 _=1 r=2 r=5 _=10

(m/sec) (knots)

37. 1 72. 1

42.0 81.7

46. 5 90. 4

53. I 103. 3

57.3 111.4

60.4 117.4

62.2 121.0

(m/sec) (Imots)

36.6 69.2

40. 5 78. 8

45. 1 87.6

51.8 100. 6

55. 9 108.7

59. 1 114. 8

60.9 118.4

(m/sec) (knots)

34.1 66.2

39.0 75. 8

43.5 84.6

50. 2 97.5

54.4 105.8

57.6 111.9

59.5 115.6

(m/see) (knots)

32. 0 62.2

36,9 71.7

41.4 80. 4

48.1 93. 5

52.3 101.6

55. 5_ 107.8

57.4 111.6

(m/sec) (knots)

30. 6 59.4

35. 4 66.8

40. 8 79. 3

46. 6 90.5

50. 8 98.7

54.0 104.9

55.9 106.7
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TABLE 5.2. 47 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (T) FOR A PEAK WIND OF 71.4 m/sec (138.7 knots)

(1000-year return Deriod) FOR NFW ORLEANS

Height Facilities Desi_n Wind as a Function of Averaging Time (.-)

r=l v 5 7=10

(It) (m) (peak)

(m/sec) (knots)

33 10 71.4 138.7

60 18. 3 77.8 151.2

100 30.5 83.7 162,7

200 81.0 92.4 179.6

300 91.4 97.9 190.3

400 121.9 102,0 198,2

500 152.4 104.3 202.7

7=0, 5

(m/sec) (knol

54. 1 105.

61. 3 119.

68. 0 132. 1

77.6 150.8

83. 6 162. 6

88. 1 171.3

90. 9 176.7

s) tm/sec)

2 52.0

2 59.2

65, 8

75. 6

81.6

86. 2

89. 0

(knots)

I01. I

115.1

128. 0

146.9

158.7

167. 5

173. 0

2

(m/sec) (knots)

49. 7 96.7

56.9 110.7

83. 5 123. 5

73.3 142. 4

79.5 154. 5

84.0 163.3

86.8 168.8

Im/sec) (knots)

46.7 90.8

53. 8 104. 6

60. 4 117, 5

70, 2 136, 5

76.3 148. 4

80. 9 157. 3

83. 8 162. 9

(m/sec) (knots)

,44. 6 86. 7

51.7 100.5

58.2 113.2

68, 0 132. 2

74. 2 144. 2

78. 8 153. 1

81.6 158.7

TABLE 5.2. 48 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (T) FOR A PEAK WIND OF 26. 8 m/sec (52. 1 knots)

(10-year return period) FOR THE SPACE AND MISSILE TEST CENTER

AND WHITE SANDS MISSILE RANGE

Height

(ft) (m)

33 10

60 18.3

100 30.5

200 61.0

300 91.4

400 121.9

500 152. 4

Facilities Design Wind as a Function of Averaging Time (r)

"r=0

(peak)

(m/sec) (knots)

26, 8 82. I

29.2 56. 8

31.4 61. 1

34. 7 67. 5

36.8 71.5

38.3 74. 5

39.1 76. 1

v=0. 5

(m/sec) (knots)

20. 3 39.5

23. 0 44. 8

25. 5 49. 6

29. 2 56.7

31.4 61.1

33. 1 64.4

34. 1 66.3

r=l

(m/sec) {knots)

19.5 38.0

22. 2 43. 2

24. 7 48. 1

28. 4 55. 2

30. 7 59. 6

32. 4 63. 0

33. 4 64. 9

r=2

(m/sec) (knots)

18.7 36.3

21.4 41, 6

23. 9 46. 4

27.5 53. 5

29, 8 58.0

31.6 61.4

32. 6 63. 3

r=5

{m/sec) (knots)

17.5 34.1

20.2 39. 3

22. 7 44. 1

26. 4 51.3

28.7 55.8

30.4 59. 1

31.5 61.2

r=10

Im/sec)

16.8

19.4

21.9

26.6

27.9

29.6

30.7

(knots)

32. 6

37.7

42. 5

49.7

54. 2

57.5

59.6
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TABLE 5.2. 49 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (r) FOR A PEAK WIND OF 39. 3 m/sec (76. 3 knots )

(100-year return period) FOR THE SPACE AND MISSILE TEST CENTER
AND WHITE SANDS MISSILE RANGE

Height

(ft) r=O(m) (peak)

(m/sec) (knots)

33 10 39. 3 76. 3

60 i 18.3 42.8 83.2

100 30. 5 46. 0 89. 5

200 61.0 50. 8 9B. 8

300 91.4 53. 9 104. 7

400 121.9 56. I 109. 1

500 152.4 57.4 111.5

Facilities Design Wind as a Fuaction of Averaging Time (r)

r=l r=2 r=5 r=lOr=0.5

(m/sec) (lmota)

29.8 57.9

33.7 65.6

37. 3 72. 6

42. 7 83. 0

46. 0 89. 5

48. 5 94. 3

50.0 97.2

(m/ese) (knots)

28. 6 55. 6

32. 6 63. 3

36. 2 70. 4

41.6 80.8

44. 9 87.3

47. 4 92. 2

48. 9 95. i

(m/see) (Imot_i

27.4 53.2

31.3 60. 9

35. O 68. 0

40.3 78. 4

43. 7 85. 0

46.2 89. 9

47.7 92. 8

( m/see )

25.7

29. 6

33. 2

38. 6

42. 0

44. 6

46. I

(knots)

49.9

57.6

64. 6

75. 1

81.7

86.6

89.6

(m/sec) (kaota)

24. 5 47.7

28. 4 55.'3

32. 0 62. 3

37.4 72.7

40. 8 79. 3

43. 3 84. 2

44. 9 87.3

TABLE 5. 2. 50 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (r) FOR A PEAK WIND OF 56. 9 m/sec (110. 7 knots) I

( 1000-year return period) FOR THE SPACE AND MISSILE TEST CENTER
AND WHITE SANDS MISSILE RANGE

Height

(ft) (m)

33

6O

100

1200

3OO

400

50O

_=0

(peak)

(m/see) (knots)

I0 56.9 110.7

18.3 62.1 120.7

30. 5 66. 8 129. 8

61.0 73. 7 143. 3

91.4 79. I 151.9

121.9 81.4 158. 2

152.4 83.2 I_.8
i

Facilities Design Wind as a Function of Averaging Time (r)

T=Ir=O. 5

(m/see) (lmOtS)

43. 2 64. 0

49. 0 95. 2

54. 2 105. 4

61.9 120.3

66. 8 t_. 8

70. J 136.7

72. 6 141. I

(m/see)

41.5

47. 3

52.5

60. 3

65. 2

68.8

71.0

T=2

(Imots) (m/sec) (knots)

80. 7 39. 7 77. I

91.9 45. 5 58. 4

102. 1 50.7 98. 6

117.2 58.4 113.6

126.7 63.4 123.3

133. 7 67. 0 130. 3

138.1 69. 3 134. 7

r=5

(m/see) (knots)

37. 2 72. 4

43. 0 83. 5

48. 2 93. 7

56.0 108. 9

61.0 118.5

64. 6 125. 6

66. 9 130. 1

T=I0

(m/see) (knots)

35.6 69.2

41.3 80.2

46.5 90.3

54. 2 105.4

59. 2 115.1

62. 9 122. 2

65. 2 126.7
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TABLE 5.2.51 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (T) FOR A PEAK WIND OF 36.8"m/sec (71.5 knots)

(10-year return period) FOR WALLOPS TEST RANGE

Height

T=0

(ft) (m) (peak)

(m/see) (knots)

33 10 36.6 71.5

60 18. 3 40.1 77.9

100 30.5 43. I 83. 8

200 61.0 47.6 92. 6

300 91.4 I 50.5 98. 1

400 121.9! 52, 6 102. 2

500 152. 4 l 53.8 104. 5
I

Facilities Design X_ind as a Function of Averaging Time (_)

'T=O. 5 "r=l T=2 r=5 T=IO

(m/sec) (knots) (m/sec) (knots)

27.9 54. 2 26. 8 52. I

31.6 61.4 30.5 59. 3

35. O 68.0 33. 9 65. 9

40. 0 77.7 38. 9 75. 7

43. 1 83. 8 42. I 81.8

45. 4 88. 3 44. 4 86. 4

46. 9 91. I 45. 9 89. 2

(m/see) (knots)

25.6 49. 8

29.3 57.0

32. 7 63. 6

37.8 73. 4

40.9 79.6

43. 3 64. 2

44. 8 87.0

(m/see) (knots)

24. 1 46.8

27.7 53. 9

31. I 60. 5

36. 2 70. 4

39.4 76.5

41.7 81.1

43.2 84. 0

(m/see) (knots)

23.0 44.7

26.6 51.8

30. 0 58.3

35. 0 68. 1

38. 2 74. 3

40.6 78.9

42. I 81.8

TABLE 5. 2. 52 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (r) FOR A PEAK WIND OF 53. 8 m/see (104. 5 knots)

(100-year return period) FOR WALLOPS TEST RANGE

Height

TfO

(ft) (m) (peak)

(m/sec) (knots)

33 I0 . 53.8 104. 5

60 18.3 58.6 113.9

100 30.5 63. 0 122. 5

200 61.0 69.6 135.3

300 91.4 73. 8 143. 4

400 121.9 76.9 149. 4

500 152. 4 78. 6 152. 7

Facilities Design Wind as a Function of Averaging Time (T)

•r=O. 5

(m/sec) (knots)

40. 8 79.3

46. 2 99. 8

51.1 99. 4

56.4 113.6

63. i 122. 6

66. 4 129. 1

68. 5 133. I

"r=l

(m/sec) (knots)

39. 2 76. 2

44. 6 86. 7

49.6 96.4

56.9 110.6

61.5 119.6

65. 0 126.3

67. O 130.3

T=2

(m/sec) (knots)

37.5 72. 8

42. 9 83. 4

47.8 93. O

55. 2 107.3

59.9 116.4

63. 3 123. 1

65.4 127.1

r=5

(m/sec) (knots)

35.2 68.4

40.5 78. 8

45.5 88. 4

52. 9 102. 8

57.6 111.9

61.0 118. 6

63. 1 122. 7

r=lO

{m/sec) (knots)

33. 6 65.4

38. 9 75. 7

43. 8 85.2

51.2 99.6

55. 9 108.6

59.4 115.4

61.5 119.6
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TABLE 5. 2. 53 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (r) FOR A PEAK WIND OF 78. 0 m/sec (151.6 knots)

(1000-year return period) FOR WALLOPS TEST RANGE

Height Facilities Design Wind as a Func_m of Averaging Time (1.)

1.=0. 5 1.=1 1.ffi2 r=5 rffilO1.=0

(ft) (m) (peak)

(m/see) (knots)

33 10 78.0 151.6

60 18. 3 85. 0 165. 3

100 30. 5 91.5 177. 8

200 61.0 101. O 196. 3

300 91.4 107. 0 208. 0

400 121.9 111.5 216.7

500 152.4 113.9 221.5

(m/see) (knot-)

59.2 115.0

67. 1 130. 4

74.2 144.3

84. 8 164. 8

91.5 177. 8

96. 4 187. 3

99. 3 193, 1

(m/see) (knots)

56. 8 t10. 5

64.7 125.8

72.0 139.9

82.6 t60.5

89. 3 173. 5

94. 2 183. 2

97. 2 189. 0

(m/see) (knots)

54.3 105.6

62.2 121.0

69.4 135.0

80.1 155.7

86.9 168.9

91.8 178. 5

94.9 184.4

(m/see) (knots)

51.0 99.2

58.9 114.4

66.1 128. 4

76.8 149.2

83.4 162. 2

88. 5 172.0

91.6 178.1

(m/see) (knots)

48.8 94.8

56. 5 109.8

62. 6 123.7

74. 3 144.4

61.1 157.6

86,1 167.3

89. 3 173.5

TABLE 5. 2. 54 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (7) FOR A PEAK WIND OF 19. 9 m/sec (38.7 knots)

(10-year return period) FOR EDWARDS AFB

Height

1-=0

(ft) (m) (peak)

(knots) (m/aee)

33 IO 38.7 19.9

60 18,3 42.1 21.7

100 30. 5 45. 1 23. 2

200 61.0 50. 1 25. 8

300 91.4 53. 1 27. 3

400 121.9 55.3 _.4

500 152. 4 57.1 29. 4

Facilities Design Wind its a Funetloa of Averaging Time (_)

1.=0. 5

Omots)i(m/se_)

29. 4 15. 1

33. 2 17. 1

36, 6 18. 8

42. 1 21.7

45.4 23.4

47. 8 24.6

49. 8 25. 6

1.=1

(knots) (m/see)

28. 2 14. 5

32. 0 16. 5

35, 5 18. 3

41.0 21. i

44.3 22.8

46.7 24.0

46. 7 25. 1

rffi2

(knots) (m/see)

27.0 13.9

30.8 15.8

34.2 17.6

39.7 20.4

43. 1 22. 2

45.6 23.5

47. 5 24. 4

rffi5

(knots) (m/m)

25.3 13.0

29. 1 15.0

32. 6 16. 8

38.1 19.6

41.4 21.3

43. 9 22. 6

45. 9 23. 6

r=lO

(knots) (m/m)

24. 2 12. 4

28.0 14.4

31.4 16. 2

36.9 19.0

40.2 20.7

42. 7 22. 0

44.7 23.0
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TABLE 5.2. 55 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (r) FOR A PEAK WIND OF 35.7 m/sec (69.4 knots)

( 100-year return period) FOR EDWARDS AFB

Height

(ft) tin)

33

60

100

200

300

400

500

r=O

(peak)

(knots) (m/sec)i

10 69. 4 35. 7

18. 3 75. 5 38. 8

30.5 80.9 41.6

61.0 89. 9 46.2

91.4 95.2 49.0

121.9 99. 2 51.0

152. 4 i02. 4 52. 7

Facilities Design Wind as a Function of Averaging Time (r)

7=0.5

(knots) (m/sec)

52. 7 27. I

59.5 30.6

65.7 33. 8

75.5 38. 8

81.4 41.9

85.7 44. 1

89. 3 45. 9

T=I

(knots) (m/sec}

50. 6 26. 0

57. 5 29. 6

63. 7 32. 8

73. 5 37.8

79.4 40.8

83. 9 43.2

97.4 45. 0

"re2

(knots} (m/sec)

48.4 24. 9

55.3 28. 4

61.4 31.6

71.3 36.7

77.3 39. 8

81.7 42. 0

85.3 43. 9

re5

(knots) (m/sec)

45.4 23. 4

52. 2 26. 9

58.4 30. 0

68.3 35. 1

74. 3 38. 2

78. 7 40. 5

82. 3 42. 3

_=I0

(Imots) (m/sec)

43.4 22.3

50.2 25.8

56.3 29. O

66. 2 34.1

7_ I 37.1

76.6 39.4

80. 2 41.3

TABLE 5.2.56 FACILITIES DESIGN WIND AS A FUNCTION OF AVERAGING

TIME (r) FOR A PEAK WIND OF 63. 3 m/sec (123. 0 knots)

(1000-year return period) FOR EDWARDS AFB

Height

T=0

(_) (m) (peak)

(k=ots) (m/eec)

33 10 123.0 63.3

60 18.3 133.8 68.8

100 30.5 143.2 7_ 7

200 61.0 159.3 92.0

300 91.4 168.7 86. 8

400 121.9 175.8 90.4

500 152.4 181.5 93.4

Facilities Design Wind as a Function of Averaging Time (v)

_=0.5

(knots) (m/sec)

93.3 48.0

105.5 54. 3

116.2 59.8

133. 8 68.8

144. 2 74. 2

151.9 78.1

159.2 81.4

re1

(knots) (m/eec)

89.7 46.1

101.8 52.4

112.7 58.0

130.3 67.0

140.7 72.4

148.6 76.4

154.9 79.7

v=2

(knOts) (m/sec)

85.7 4_ I

98. 0 50.4

108.7 55. 9

126.3 65.0

i36.9 70.4

144. 8 74. 5

151.1 77.7

_ffi5

(knots) (m/sec)

80. 5 41.4

92. 6 47.6

103. 4 53. 2

121.0 62. 2

131.6 67.7

139. 5 71.8

145. 9 75. 1

1"ffiiO

(knots) (m/see)

76.9 39. 6

88.9 45. 7

99.7 51.3

117.2 60.3

127.8 65. 7

135. 8 69.9

142. I 73. 1
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5. 3. 1 Introduction
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InfliCt wind speed profiles are used in vehicle design studies

primarily to establish structural and control system capabilities and compute

performance requirements. The inflight wind speeds selected for vehicle

design may not represent the same percentile value as the design surface wind

speed. The selected wind speeds (inflight and surface) are determined by the

desired vehicle launch capability and can differ in the percentile level since

the inflight and surface wind speeds differ in degree of persistance for a given
reference time period and are statistically independent,

Wind information for in/light design studies is presented in three

basic forms: discrete or synthetic profiles, statistical distributions, and

measured profile samples. A detailed discussion of these three types of

presentations and their uses may be found in Reference 5. 14_ There are cer-

tain limitations to each of these wind input forms, and their utility in design

studies depends upon a number of considerations such as, (1) accuracy of

basic measurements, (2) complexity of input to vehicle design, (3) economy

and practicality for design use, (4) ability to represent significant features

of the wind profile, (5) statistical assumption versus physical representation

of the wind profile, (6) ability of input to ensure control system and structural

integrity of the vehicle, and (7) flexibility of use in design trade-off studies.

An accurate and adequate number of measured wind profiles are nec-

essary for developing a valid statistical description of the wind profile.

Fortunately, current records of data from some locations (Cape Kennedy in

particular) fulfill these requirements, although a continuing program of data

acquisition is vital to further enhance the confidence of the statistical informa-

tion generated. Various methods and sensors for obtaining inflight profiles

include the rawinsonde, the FPS-16 Radar/Jimsphere, and the rocketsonde.

The statistical analyses performed on the inftight wind profiles provide detailed

descriptions of the upper winds and an understanding of the profile character-

istics such as temporal and height variations, as well as indications of the

frequency and the persistence of transient meteorological systems.

The synthetic type of wind profile is the oldest method used to present

inflight design wind data. The synthetic wind profile data are presented

in this document since this method of presentation provides a reasonable

approach for most design studies when properly used, especially during the

early design periods. Also, the concept of synthetic wind profiles is generally

understood and employed in most aerospace organizations for design computa-

tions. It should be understood that the synthetic wind profile includes the

wind speed, wind speed change, maximum wind layer thickness, and gusts that

are required to establish vehicle design values.
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Generally, launch vehicles for use at various launch sites and in com-

prehensive space research mission and payload corgi_rations are designed by

use of synthetic wind profiles based upon scalar wind speeds without regard to

specific wind directions. However, ifa vehicle is restricted to a given launch

site, rather narrow flightazimuths, and a specific configuration and mission,

winds based upon components (head, tail,leftcross or right cross) are used.

For a given percentile, the magnitudes of component winds are equal to or less

than those of the scalar winds. Component or directional dependent winds

should not be employed in initiateddesign studies unless specificallyauthorized

by the cognizant design organization.

Selection ofa set of detailed wind profiles for finaldesign verification

and launch delay risk calculations requires the matching of vehicle simulation

resolution and technique to frequency content of the profile. These detailwind

profile data sets are currently becoming available and should be utilizedto

assure an understanding of the vehicle design capabilityrelative to potential

operational wind loads.

The synthetic wind profile provides a conditionalized wind shear/gust

condition with respect to the given design wind speed. Therefore, in concept,

it should produce a vehicle design which has a launch delay risk not greater

than a specified value which is generally the value associated with the design

wind speed. This statement, although generally correct, depends on changes

made in the control system response characteristics, for example. In using

the design verification selection of detailed wind profiles a joint condition of

wind shear, gust, and speeds is given. Therefore, the resulting launch delay

risk for a given vehicle design is the specified value computed. For the

synthetic profile a vehicle inflight wind speed capability and maximum launch

delay risk may be stated which is conditional upon the wind/gust design values.

However, for the selection of detailed wind profiles only a vehicle launch risk

value may be given, since the wind characteristics are treated as a joint con-
dition. These two differences in philosophy should be understood to avoid

misinterpretation of vehicle response calculation comparisons. In both cases

allowance for a vehicle's non-nominal characteristics should be made prior to

flight simulation through the wind profiles and establishment of vehicle design

response or operational launch delay risk values. The objective is to insure

that a space vehicle will accommodate the desired percentage of wind profiles
or conditions in its non-nominal flight mode.

5.3.2 Wind Aloft Climatology

The development of design wind speed profiles and associated

shears and gusts require use of the measured wind speed and wind direction data

collected at the area of interestfor some reasonably long period of time, i.e.,

five years of longer. The subject of wind climatology for an area, iftreated in
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detail, would makeup a voluminousdocument. The intent here is to give a brief
treatment of selected topics that are frequently considered in space vehicle deve-

lopment and operations problems and provide references to more extensive infor-
mation.

Considerable data summaries (monthly and seasonal) exist

on wind aloft statistics for the world. However, it is necessary to interpret

these data in terms of the engineering design problem and design philosophy.
For example, wind requirements for performance calculations relative to air-

craft fuel consumption requirements must be derived for the specific routes and

design reference period. Such data are available on request.

5.3.3 Wind Component Statistics

Wind component statistics are used in mission planning to

provide information on the probability of exceeding a given wind speed in the

pitch or yaw planes and to bias the tilt program at a selected launch time.

Computation of the wind component statistics are made for various

launch azimuths (15-degree intervals were selected at MSFC) for each

month for the pitch plane (range) and yaw plane (cross range) at the Eastern

Test Range and the Space and Missile Test Center (Vandenberg AFB,
California).

References 5. 15, 5. 16, 5. 17, and 5. 18 contain information on the

statistical distributions of wind speeds and component wind speeds for the

test ranges at Cape Kennedy, Florida; El Paso, Texas; Santa Monica, California;

and Wallops Island, Virginia. The Range Reference Atmosphere Documents

(Ref. 5. 18) provide similar information for other test ranges.

5.3.3.1 Idealized Annual Wind Component Envelopes -- Windiest

Monthly Reference Period Concept

To provide information on the wind distribution for an entire

year, envelopes for the Space and Missile Test Center (Ref. 5. 19) are most

useful because the data are based upon monthly wind distributions. Thus, the

data can be used to determine the worst condition expected for a selected launch

azimuth during any month of the entire year. Similar data are available for the

Eastern Test Range (Ref. 5. 20). 10 (Also see subsection 5. 3. 5. 2).

10. References 5. 19 and 5.20 are currently being updated and the interested

user should request a copy of the new report from Aerospace Environ-

ment Division, NASA-Marshall Space Flight Center.
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5.3.3.2 Upper Wind Correlations

Coefficients of correlations of wind components between altitude

levels with means and standard deviations at altitude levels may be used in a

statistical model to derive representative wind profiles. A method of preparing

synthetic wind profiles by use of correlation coefficients between wind compo-

nents is described in Reference 5.21. In addition, these correlation data are

applicable to certain statistical studies of vehicle responses (Ref. 5.22).

Data on correlations of wind between altitude levels for various geo-
graphical locations are presented in References 5.23, 5. 24, and 5. 25. The

reports give values of the interlevel and intralevel coefficients of linear

correlations between wind components. Because of the occurrence of the

regular increase of winds with altitude below and the decrease of winds above

the 10- to 14-kilometer level, the correlation coefficients decrease with greater

altitude separation of the levels being correlated. Likewise, the highest

correlation coefficients between components occur in the I0- to 14-kilometer
level.

5.3.3.3 Thickness of Strong Wind Layers (Ref. 5. 26)

Wind speeds in the middle latitudes generally increase with

altitude to a maximum between 10- and 14-kilometers. Above 14 kilometers,

the wind speeds decrease with altitude, then increase at higher altitude,

depending upon season and location. Frequently, these winds exceed 50 m/sec

in the jet stream, a core of maximum winds over the midlatitudes in the

10- to 14-kilometer altitudes. The vertical extent of the core of maximum

winds, or the sharpness of the extent of peak winds on the wind profile is

important in some vehicle design studies.

Table 5. 3. 1 shows the design vertical thickness (based on maximum

thickness) of the wind layers for wind speeds of 50, 75, and 97 m/sec for the

Eastern Test Range. Similar data for the Space and Missile Test Center are

given in Table 5. 3. 2. At both ranges, the thickness of the layer decreases with

increase of wind speed; that is, the sharpness of the peak is greater with
greater winds.

5.3.3.4 Exceedance l>robabflities

The probability of inflight winds exceeding or not exceeding

some critical wind speed for a specified time duration may be of considerable

importance in mission planning, and in many cases, more information than

just the occurrence of critical winds is desired. If a dual launch, with the

second vehicle being launched 1 to 3 days after the first, is planned, and if



TABLE 5.3.i DESIGN THICKNESS FOR STRONG WIND LAYERS

AT THE EASTERN TEST RANGE
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Quasi-Steady=state

Wind Speed (_5 ms -I)
, i

50

75

92

Maximum Thickness

(km)
i

4

2

i

I

Altitude Range

(km)

8:5 to i6.5

10.5 to 15.5

i0.0to 14.0

TABLE 5. 3. 2 DESIGN THICKNESS FOR STRONG WIND LAYERS AT THE

SPACE AND MISSILE TEST CENTER (Vandenberg AFB, .California)

Quasi-Steady=State

Wind Speed (_5 ms -i)
i

50

75

Maximum Thickness

(kln)

4

2

Altitude Range

(tun)

8.0 to i6

9.5 to 14

the launch opportunity extends over a 10-day period, what is the probability

that winds below (or above) criticallevels will last for the entire I0 days?

What is the probabilityof 2 or 3 consecutive days of favorable winds in the

10-day period? Suppose the winds are favorable on the scheduled launch day,

but the mission is delayed for other reasons. Now, what is the probability

that the winds will remain favorable for 3 or 4 more days ? Answers to these

questions could also be used for certain design considerations involving

specific vehicles prepared for a given mission and launch window.

5.3.3.4.1 Empirical Exceedance Probabilities

To provide inflightwind information useful in mission analysis

type studies, the Cape Kennedy seriallycomplete radiosonde wind observations

were subjected to statisticalanalyses described below. All calculations were

conducted using the maximum wind speed in the i0- to 15-kilometer altitude

layer.

From an analysis independent of that for exceedance probabilities,

the run probabilities and conditional probabilities for the same data sample
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(the maximum wind speed 10 to 15 km over Cape Kennedy) were computed

for specified wind speeds. Since these statistics were determined at different

times and with different techniques, the notation is slightly different. The

most satisfying feature is that the resulting statistics are identical, giving

rise to confidence in the correctness of the computation processes, as well

as providing an independent approach to the same problem. Figure 5. 3. 1

is a useful graphic form to display the probabilities of runs.

5.3.3.4.2 Empirical Multiple Exceedance Probabilities

The longest succession of maximum wind speed in the 10- to

15-kilometer layer with wind speed =>75 m/sec occurred during the winter of

1958. This year would be referred to as a high wind year. In terms of runs,

the longest runs -> 75 m/sec by months are given in Table 5. 3. 3.

The counting rule for runs is as follows: If a run begins in one month

and extends into the following month, it is counted as a run for the month in

which it begins.

%

\
\

\
\

ms "1

--Lm
1 3 4 S 6 78910 20 3O 4O

12-Herr Periods

FIGURE 5. 3. 1 PROBABILITY OF THE MAXIMUM WIND SPEED IN THE

10- TO 15-1an LAYER BEING LESS THAN, EQUAL TO, OR GREATER

THAN SPECIFIED VALUES FOR k-CONSECUTIVE 12-hr PERIODS

DURING JANUARY AT CAPE KENNEDY

P_

0

I0

2O

30

40

5O

6O

7O

8O
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TABLE 5.3.3 DATES OF LONGEST RUNS OF WIND SPEEDS GREATER

THAN OR EQUAL TO 75 m/sec IN THE i0- TO 15-km LAYER

AT CAPE KENNEDY

Maximum Length of Run
in 12-hour Periods Date

Dates and Times

Inclusive

6 Jan 1958 25, 1200Z - 27, 1200Z

14 Feb 1958 10, 0000Z - 16, 1200Z

7 Mar 1958 28, 1200Z - 31, 1200Z

3 Apr 1958 15, 1200Z - 16, 1200Z

(There were no values --- 75 m/sec for May through Oct for any year)

6 Nov 1956 25, 0300Z - 27, 1500Z

4 Dec 1956 29, 0300Z - 30, 1500Z

Beginning at 1200Z on January 25, 1958, the wind blew at a speed

>-- 75 m/sec for 53 12-hour periods (26. 5 days) with only six exceptions:

There were two single breaks; that is, twice the wind dropped below 75 m/sec,

twice the wind dropped below 75 m/sec for two 12-hour periods, and twice the

wind dropped below 75 m/sec for three 12-hour periods. For this particular

sample period of 53, there was a 77-percent chance that the wind was -

75 m/sec. Yet, for the entire sample of eight Januaries, there was a 6-percent

chance that the wInd speed was ->75 m/sec in the 10- to 15-kilometer layer.

5.3.3.4.3 Current Exceedance Probability Work

Considerable exceedance probability work related to mission
planning and analysis of runs has been accomplished. These data will be

provided upon request to the Aerospace Environment Division, MSFC.

5.3.3.5 Design Scalar Wind Speeds (10-15 km Altitude Layer)

The distributions of design scalar wind wind speed in the 10- to

15-kilometer altitude layer over the United States are shown in Figure 5. 3. 2
for the 95 percentile and Figure 5. 3. 3 for the 99 percentile values. The line

of maximum isopleths (maximum wind speeds) are shown by heavy lines with

arrows. These winds occur at approximately the level of maximum dynamic
pressure for most space vehicles.
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5.3.3.6 Inflight Wind Variation

Studies by Camp and Susko for Cape Kennedy (Ref. 5. 27) and

Camp and Fox for Santa Monica (Ref. 5. 28) provide extensive information on

probabilities of occurrence of various time-dependent wind changes when the

month, altitude layer, and initial wind speed and direction are known. This

will give the reader some insight as to probable wind speed changes with time

that may be expected at various reference altitudes prior to a vehicle launch.

5.3.4 Wind Speed Profiles for Biasing Tilt Program

In attempting to maintain a desired flight path for a space

vehicle through a strong wind region, the vehicle control system could intro-

duce excessive bending moments and orbit anomalies. To reduce this problem,
it is sometimes desirable to wind bias the pitch program, that is, to tilt the

vehicle sufficiently to produce the desired flight path and minimize maximum

dynamic pressure level, loads with the expected wind profile. Since most

inflight strong winds over Cape Kennedy are winter westerlies, it is generally

adequate to use the monthly or seasonal pitch plane median wind speed profile

for bias analysis.

Head and tail wind components and right and left cross wind components

from 0- to 60-kilometer altitudes were computed for every 15 degrees of flight

azimuth for the Eastern Test Range launch area and were published by NASA

(Ref. 5. 28A). Similar calculations are available upon request for other ranges.

It is not usually necessary to bias the vehicle in the yaw plane because

of the flight azimuths normally used at Cape Kennedy. For applications where

both pitch and yaw biasing are used at Cape Kennedy, monthly vector mean

winds may be more efficient for wind biasing. Such statistics have been made
available. 11

5.3.5 Design Wind Speed Profile Envelopes

The wind data given are not expected to be exceeded by the given

percentage of time (time as related to the observational interval of the data

sample) based upon hhe windiest monthly reference period. To obtain the pro-

files, monthly frequency distributions are combined for each percentile level

11. "Monthly vector mean winds versus altitude for Cape Kennedy, Florida,

for Skylab (INT-21) wind bias trajectory analysis, - Office Memoran-

dum S&E-AERO-YT-77-71, January 29, 1971, NASA, Marshall Space

Flight Center, Alabama 35812.
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to give the envelopevalues for all 12 months of data. The profiles represent
horizontal wind flow referenced to the earth's surface. Vertical wind flow is

negligible except as represented in the gust or turbulence considerations. The

scalar wind speed envelopes are normally applied without regard to flight

directions to establish the initial design requirements. Directional wind

criteria for use with the synthetic wind profile techniques should be applied

with care and specific knowledge of the vehicle mission and flight path, since

severe wind constraints could result for other flight paths and missions.

5.3.5.1 Scalar Wind Speed Envelopes

Scalar wind speed profile envelopes are presented in Tables

5. 3. 4 through 5. 3. 8 and Figures 5. 3. 4 through 5. 3. 8. These are idealized

steady-state scalar wind speed profile envelopes for five active or potential

operational space vehicle launch or landing sites, i.e., Eastern Test Range,

Florida; The Space and Missile Test Center (Vandenberg AFB}, California;

Wallops Island, Virginia; White Sands Missile Range, New Mexico; and Edwards

Air Force Base, California. Table 5. 3. 9 and Figure 5. 3. 9 envelope the 95 and

99 percentile steady-state scalar wind speed profile envelopes from the same

five locations. They are applicable for design criteria when initial design or

operational capability has not been restricted to a specific launch site or may

involve several geographical locations. However, if the specific geographical

location for application has been determined as being near one of the five

referenced sites then the relevant data should be applied.

This section provides design nondirectional wind data for various

percentiles; therefore, the specific percentile wind speed envelope applicable

to design should be specified in the appropriate space vehicle specification

clocumentation. For engineering convenience the design wind speed profile

envelopes are given as linear segments between altitude levels; therefore,

the tabular values are connected, when graphed, by straight lines between the

points.

5.3.5.2 Directional Wind Speed Envelopes

Directional wind speed envelopes, prepared using the windiest

monthly reference period concept, may be used to estimate the winds relative

to a given percentile level that may be encountered at any flight azimuth.

Figure 5.3. l0 was constructed by plotting the component wind speed

at the appropriate percentile (extracted from empirical cumulative percentage

frequencies) and the appropriate flight azimuth. The coordinate system was

rotated to obtain all flight azimuths and the plotting convention was chosen
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TABLE 5.3.4 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR THE EASTERN TEST RANGE

Wind Speed (m/sec) for Various Percentiles

Geometric
Percentile

Altitude

(kin) 50 75 99

1

10

14

20

23

50

60

75

80

10

45

45

10

10

85

85

55

55

14

58

58

16

16

100

100

70

70

18

70

70

21

21

112

112

83

83

90 95

21

75

75

25

25

120

120

9O

9O

27

92

92

30

30

135

135

105

105

A

E

W

D
b-
7-
.J
<

9O

80

70

60

5O

40

30

20

10

_,,,-lgWy_

20

PERCENTI LE

I I I I I I
40 SO 80 100 120 140

WIND SPEED (mlsec)

FIGURE 5.3.4 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR THE EASTERN TEST RANGE
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TABLE 5.3.5 SCALAR WIND SPEED PROFILE ENVELOPES (steady-state) FOR

THE SPACE AND MISSILE TEST CENTER (Vandenberg AFB, California)

Wind Speed (m/sec) for Various Percentiles
Geometric

Altitude Percentile

(kin) 50 75 90 95 99

1

9

13

20

23

50

60

75

80

6

34

34

10

10

85

85

6O

6O

10

46

46

13

13

104

104

77

77

15

60

60

17

17

120

120

93

93

17

65

65

21

21

140

140

102

102

22

80

80

27

27

155

155

120

120

E
v

i
o

k-
,.I
<

9O

8O

7O

6O

5O

4O

3O

2O

10

e

o 2O

PERCENTILE

76 90 96 99

I I I Ii I l I

WIND SPEED (m/see)

FIGURE 5. 3. 5 SCALAR WIND SPEED PROFILE ENVELOPES (steady-state)FOR

THE SPACE AND MISSILE TEST CENTER (Vandenberg AFB, California)
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TABLE 5. 3.6 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR WALLOPS TEST RANGE

Wind Speed (m/sec) for Various Percentiles

Geometric Percentile
Altitude

(km) 50 75 90 95 99

1

9

13

2O

23

5O

60

75

80

11

5O

5O

15

15

102

102

85

85

15

60

60

21

21

120

120

I00

i00

20

71

71

27

27

140

140

113

113

24

75

75

30

30

150

150

120

120

30

92

92

36

36

170

170

135

135

A

E
.X
v

b-

.J
<

80

70

6O

50

40

30

20

10

PERCENTILE

5075 9095 95

20 40 60 80 100 120 140 160

WIND SPEED (mime)

FIGURE 5. 3. 6 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR WALLOPS TEST RANGE



TABLE 5. 3. 7 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR WHITE SANDS MISSILE RANGE

5. 83

Wind Speed (m/sec) for Various Percentiles

Geometric PercentiLe
Attitude

(km) 50 75 90 95 99

2.5

10

13

19

23

50

6O

75

80

7

42

42

11

11

85

85

60

60

11

55

55

15

15

104

104

77

77

14

64

64

19

19

120

120

93

93

20

70

70

25

25

130

130

102

102

28

85

85

31

31

150

150

120

120

E

tu
a

k-
g.

<

0 B

80

70-

60-

50-

40-

30-

20

10 +-

PERCENTILE

0 I ,1 , I I J.. J t
20 40 60 80 100 120 140 160

WIND SPEED (m/see)

FIGURE 5. 3. 7 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR WHITE SANDS MISSILE RANGE



5.84

TABLE 5.3.8 SCALARWIND SPEEDPROFILE ENVELOPES
(steady-state) FOR EDWARDSAIR FORCEBASE

Wind Speed(m/sec) for Various Percentile_
Geometric

Altitude Percentile

(km) 50 75 90 95 99

1

9

13

2O

23

5O

6O

75

8O

6

32

32

8

8

85

85

60

60

10

45

45

15

15
104

104

77

77

14

57

57

22

22

120

120

93

93

16

64

64

26

26

130

130

102

102

20

77

77

33

33

t50

150

120

120

90 - PERCENTILE

50 75 5095 99
80-

j -

5

2O

10

0
20 40 60 S0 100 120 140 160

WIND SPEED (m/m)

FIGURE 5.3.8 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR EDWARDS AIR FORCE BASE



TABLE 5.3.9 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) ENCOMPASSING ALL FIVE LOCATIONS

Geometric

Altitude

(kin)

\ I
10

14

2O

23

5O

60

75

8O

Wind Speed (m/sec)

for Various Percentiles
m

Percentile

95 99

21

75

75

25

25

150

1_0

126

126

28

92

92

4O

4O

190

190

150

150

5.85

9O

80

7O

60

3O

20

10

0

PERCENTILE
96 99

20 40 60 80 100 120 140 160 180 200

WIND SPEED (m/me)

FIGURE 5. 3. 9 SCALAR WIND SPEED PROFILE ENVELOPES

(steady-state) FOR ALL FIVE LOCATIONS
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to indicate the direction from _,hich the wind wasblowing. Directional wind
componentvalues for other altitudes are available uponrequest to the
AerospaceEnvironment Division, MSFC.

To illustrate the use of the envelopes, supposeanestimate of the
strongest winds (99percentile head, tail, andcross) in the 9- to 13-kilometer
altitude region for several launch azimuths - perhaps 40, 180, 250, and
330degrees - is required at Edwards AFB. For the 40-degree launch
azimuth, read the headwindcomponentalong 40degrees, the tailwind along
220degrees, the right erosswind along 130degrees, andthe left crosswind
along 310 degrees. The desired wind speeds are read from the intersection of
the percentile and the proper azimuth. The appropriate wind speeds for this

example are listed below:

Launch Azimuth

(deg)

40

180

25O

330

Head Wind

48

55

76

67

Tail Wind

68

58

35

36

Right Cross

30

74

64

42

Left Cross

67

26

42

75

It is emphasized that the procedure followed in the construction of

these envelopes permits no connection between the component winds. The data

insure that the speed will in no month be exceeded at that probability level for

a given azimuth relative to the launch azimuth selected. Design use requires a

careful check of vehicle response in pitch and yaw for all planned flight azimuths.

An example of directional wind profile envelopes is given in Table 5.3. 10

for several flight azimuths for Cape Kennedy (Eastern Test Range), Florida,

and Vandenberg AFB (SAMTEC), California. These were prepared from

advance data on the upper altitude regions for which the complete results of the
analysis are available upon request. If so designated by the development

agency, such envelope profiles may be employed for initial design and per-

formance studies as synthetic profiles with the appropriate values of wind

shear/gust as noted in the following sections. Due to method used in con-

structing these directional profile envelopes, they are applied independently

as head, tail, right, and left cross wind inputs for the given flight azimuth.

The direction producing the largest vehicle response is used in the design

analysis. It is again emphasized, however, that directional wind criteria
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FIGURE 5. 3. 10 DIRECTIONAL WIND COMPONENT ENVELOPES

(steady-state) FOR 99, 95, and 50 PERCENTILES
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should be applied with care and specific knowledge of the vehicle design
mission(s) configurations and flight azimuths, since severe wind constraints

could result for other flight azimuths, missions, or launch sites.

5.3.6 Wind Speed Change (Shear) Envelopes

This section provides representative information on wind
speed change (shear} 12for scales of distance between 100 and 5000 meters.

Scalar wind speed change is defined as the total magnitude (speed) change

between the wind vectors at the top and bottom of a specified layer, regardless

of wind direction. Wind shear is the wind speed change divided by the altitude

interval. When applied to space vehicle synthetic wind profile criteria, it is

frequently referred to as a wind buildup or backoff rate depending upon whether

it occurs below (buildup) or above (backoff) the reference height of concern.

Shear values >- 1000 meters thickness were computed from rawinsonde and

rocketsonde observations, while the small scale shears, i.e., < 1000-meter

intervals, were determined from relationships developed by Fichtl (Ref. 5. 29J

using experimental results from FPS-16 Radar/Jimsphere balloon wind sensor

measurements of the detail wind profile structure. Thus, a buildup wind value

is the change in wind speed which a vehicle may experience while ascending

vertically through a specified layer to the known altitude. Backoff magnitudes

describe the change speed which may be experienced above the chosen level.

Both buildup and backoff wind speed change data are presented in this section

as a function of reference level wind vector magnitude and geographic location.

Wind buildup or backoff may be determined for a vehicle with other than a

vertical flight path by multiplying the wind speed change by the cosine of the

angle between the vertical axis and the vehicle trajectory.

An envelope of the 99 percentile wind speed buildup is used currently

in constructing synthetic wind profiles. For most design studies, the use of

this 99 percentile scalar buildup wind shear data is warranted. The envelopes

for backoff shears have application to certain design studies and should be

considered where appropriate. These envelopes are not meant to imply per-

fect correlation between shears for the various scales of distance; however,

certain correlations do exist, depending upon the scale of distance and the

wind speed magnitude considered. This method of describing the wind shear

for vehicle design has proven to be especially acceptable in preliminary design

studies since the dynamic response of the vehicle's structure or control

12. Vector shears are not included in this document, but may be
obtained from the Aerospace Environment Division upon request.
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system in these variou_ modes is essentially influenced by specific wavelengths

as represented by a given wind shear. Construction of synthetic profiles for

vehicle design application is described in subsection 5. 3. 8.

Wind speed change (shear) statistics for various locations differ

primarily because of prevailing meteorological conditions, orographic features,

and data sample size. Significant differences, especially from an engineering

standpoint, are known to exist in the shear profiles for different locations.

Therefore, consistent vehicle design shear data representing five active or

potentially operational space vehicle launch or landing sites are presented in

Tables 5. 3. 11 through 5. 3. 20; i.e., for Eastern Test Range, Space and

Missile Test Center, Wallops Island, White Sands Missile Range, and Edwards

Air Force Base. Tables 5. 3. 21 and 5. 3. 22 envelope the 99 percentile shears

from these five locations. They are applicable for design criteria when initial

design or operational capability has not been restricted to a specific launch

site or may involve several geographical locations. However, if the specific

geographic location for application has been determined as being near one of

the five referenced sites, then the relevent data should be applied. Reference

5.30 further substantiates that the shear data presented in this document are

representative for higher altitudes and applicable for engineering design.

5.3.7 Gusts - Vertically Flying Vehicles

The steady-state inflight wind speed envelopes presented in

subsection 5.3.5 do not contain the g_tst (high frequency contentJ portion of

the wind profile. The steady-state wind profile measurements have been

defined as those obtained by the rawinsonde system. These measurements

represent wind speeds averaged over approximately 600 meters in the vertical

_nd, therefore, eliminate features with smaller scales. These smaller scale

features are represented in the detailed profiles measured by the FPS-16

Radar/Jimsphere systein.

A number of attempts have been made to represent the high frequency

content of vertical wind profiles in a suitable form for use in vehicle design

studies. Most of the attempts resulted in gust information that could be used

for specific applications, but, to date, no universal gust representation has

been formulated. Information on discrete and continuous gust representation

is given below relative to vertically ascending space vehicles.
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Discrete Gusts

Discrete gusts are specified in an attempt to represent, in a

physically reasonable manner, characteristics of small scale motions associa-

ted with vertical wind velocity profiles. Gust structure usually is quite com-

plex and it is not always understood. For vehicle design studies, discrete

gusts are usually idealized because of their complexity and to enhance their

utilization. Examples of discrete (individual and sinusoidial type) gusts in
nature are given in subsection 5. 3.8.

Well defined, sharp edge'd, and repeated sinusoidal gusts are important

types in terms of their influence upon space vehicles. Quasi-square-wave
gusts with amplitudes of approximately 9 m/sec have been measured. These

gusts are frequently referred to as embedded jets or singularities in the

vertical wind profile. ]3y definition, a gust is a wind speed in excess of the

defined steady-state value; therefore, these gusts are employed on top of the
steady-state wind profile values.

Figure 5. 3. 11 is a schematic representation of the design quasi-square-

wave gust with wavelengths varying between 60 and 300 meters with an ampli-

tude of 9 m/sec. The mean shear buildup rate at the leading and trailing edges

of gust is 9 m/sec per 30 meters. The relationship of the gust to the idealized

wind speed envelope and the wind buildup envelope is shown in Figure 5. 3. 11

Another form of discrete gusts that has been observed is approximately

sinusoidal in nature, where gusts occur in succession. Figure 5.3.12

illustrates the estimated number of consecutive sinusoidal type gusts that may

occur and their respective amplitudes for design purposes. It is extremely
important when applying these gusts in vehicle studies to realize that these are

pure sinusoidal representations that have never been observed in nature. The

degree of purity of these sinusoidal features on the vertical wind profiles has

not been established. These gusts should be superimposed symmetrically

upon the steady-state profile. The data presented here on sinusoidal discrete

gusts are at best preliminary and should be treated as such in design studies.

5. 3. 7. 2 Spectra

Q

In general, the small scale motions associated with vertical

detailed wind profiles are characterized by a superposition of discrete gusts

and many random frequency components. Spectral methods have been employed
to specify the characteristics of this superposition of small scale motions.
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FIGURE 5. 3. 12 BEST ESTIMATE OF EXPECTED (_-> 99 percentile) GUST

AMPLITUDE AND NUMBER OF CYCLES AS A FUNCTION

OF GUST WAVELENGTHS

A digital filter was developed to separate small scale motions from the

steady-state wind profile. The steady-state wind profile defined by the

separation process approximates those obtained by the rawinsonde system. 13

Thus, a spectrum of small scale motions is representative of the motions

13. This definition was selected to enable use of the much larger rawin-

sonde data sample in association with a continuous type gust

representation.
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included in the FPS-16 Radar/Jimsphere measurements, which are not included

in the rawinsonde measurements. Therefore, a spectrum of those motions

should be added to the steady-state wind profiles to obtain a representation of

the detailed wind profile. Spectra of the small scale motions for various

probability levels have been determined and are presented in Figure 5. 3. 13.

The spectra were computed from approximately 1200 detailed wind profile

measurements by computing the spectr a associated with each profile, then

determining the probabilities of occurrence of spectral density as a function

of wave number (cycles/4000 m). Thus the spectra represent envelopes of

spectral density for the given probability levels. Spectra associated with each

profile were computed over the altitude range between approximately 4 and 16

kilometers. It has been shown that energy (variance) of the small scale

motions is not homogeneous; that is, it is not constant with altitude. The

energy content over limited altitude intervals and for limited frequency bands

may be much larger than that represented by the- spectra in Figure 5. 3. 13.

This should be kept in mind when interpreting the significance of vehicle

responses when employing the spectra of small scale motions. Additional

details on this subject are available upon request. Envelopes of spectra for

detailed profiles without filtering (solid lines) are also shown in Figure 5.3. 13.

These spectra are well represented for wave numbers --- 5 cycles per 4000

meters by the equation

E(k) = Eok -p , (5. 24)

where E is the spectral density at any wave number k (cycles/4000 m)

between t and 20, E 0 = E(1), and p is a constant for any particular per-

centfle level of occurrence of the power spectrum.

Properties of all the spectra are summarized in Table 5.3.23. Data

presented in this tablB show that the small scale motions associated with the

meridional profiles (generally cross wind component in yaw plane) contain

more energy than those associated with either the zonal or scalar profiles for

TABLE 5.3.23 PARAMETERS DEFINING SPECTRA OF DETAILED WIND

PROFILES {E o - m2sec -2 [cycles (4000 m)- I]-I}

Percentile

5O

9O

99

E0

5.3

13.5

25. 5

P

2. 38

2. 46

2. 49
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the 50 and 90 percentile spectra. Because of computational difficulties,the

spectra do not extend to wavelengths longer than 4000 meters. However, this

wavelength encompasses the significantcharacteristic structural and control

mode frequencies for most vertically rising vehicles of interest.

100.0_ ---Spectra of small scale motions

[ associated with rawinsonde

prcvfiles,

--Spectra of total detailed wind

_rofi le.

10.0 W

Percent|le EO P

50 7.2 2.39
95 15.5 2.42
99 28.5 2.46

percentile

95th percentile
percentile

i
I l I I I l i I

I I I I I I I I

10.0 100.0

Wave Number (cy/4OOOm)

FIGURE 5.3.13 SPECTRA OF

DETAILED WIND PROFILES

Spectra of the total wind speed

profiles may be useful in control systems
and other slow response parametric

studies for which the spectra of small

scale motions may not be adequate.

The power spectrum recom-

mended for use in elastic body studies

is given by the following expression:

E(K) =
1.62

683.4 (4000 K)

I + O. 0067 (400OK)

l,

4.05

(5. 25)

where the spectrum E(K) is defined

so that integration over the domain

0 ,_ K _< .o yields the variance of the

turbulence. In this equation E (K) is

now the power spectral density
[m 2 sec-e/(cycles per meter)] at wave

number K (m-l). This function repre-

sents the 99 percentile scalar wind

spectra for small scalar motions given

by the dashed curve and its solid line

extension into the high wave number

region in Figure 5. 3. 13. The

associated design turbulence loads

are obtained by multiplying the load

standard deviations by a factor of
three. (Spectra for meridional and

zonal components are available upon

request. )

Vehicle responses obtained
from application of this turbulence

spectra should be added to rigid vehicle responses resulting from use of the
synthetic wind speed and wind shear profile (with the O. 85 factor on shears)

but without a discrete gust. See section 5.3.8.2 for construction.
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5.3.8 Synthetic Wind Speed Profiles

Two methods of constructing synthetic wind speed profiles are

described herein. The first method uses design wind speed profile enve-

lopes (subsection 5. 3. 5), wind shear (wind speed change) envelopes (sub-

section 5. 3. 6), and discrete gusts or spectra (subsection 5. 3.7) without con-

sideration of any lack of correlation between the shears and gusts. The second

method takes into account the relationships between the wind shear and gust
characteristics.

5.3.8.1 Synthetic Wind Speed Profiles for Vertical Flight Path

Considering Only Speeds and Shears

In the method that follows, correlation between the design

wind speed profile envelope and wind shear envelope is considered. The

method is illustrated with the 95 percentile design nondirectional (scalar) wind

speed profile and the 99 percentile scalar wind speed buildup envelope

(Figure 5. 3. 14) and is stated as follows:

a. Start with a speed on the design wind speed profile

envelope at a selected (reference) altitude.

b. Subtract the amount of the shear (wind speed change) for

each required "altitude layer from the value of the wind speed profile envelope

at the selected altitude. For example, in Figure 5. 3. 14, by using the selected

altitude of 12 kilometers on the wind speed profile envelope for Eastern Test

Range (Figure 5. 3. 4) to determine the point at 11 kilometers on the shear

buildup envelope, a value of wind speed change (buildup) of 32. 7 m/sec is

obtained (from Table 5. 3. 11, Eastern Test Range) for _- 80 m/sec wind

speed and 1000 meters scale of distance. By subtracting 32. 7 m/sec from

75 m/sec, the value of the wind speed profile envelope of 42. 3 m/sec is

obtained.

c. Plot values obtained for each altitude layer at the

corresponding altitudes. (The value of 42. 3 m/sec, obtained in the example

in b, would be plotted at 11 kin. ) Continue plotting values until a 5000-meter

layer is reached (5000 meters below the selected altitude).

d. Draw a smooth curve through the plotted points starting

at the selected altitude on the wind speed profile envelope. The lowest point

is extended from the origin with a straight line tangent to the plotted shear

buildup curve. This curve then becomes the shear buildup envelope.
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e. If a gust is desired, then superimpose the gust upon the

profile {Figure 5. 3. 15) taking into account the lack of perfect correlation

between the shears and gusts as noted in subsection 5. 3. 8.2.

5.3.8.2 Synthetic Wind Speed Profiles For Vertical Flight Path Consid-

ering Relationships Between Speeds, Shears, and Gusts.

In the construction of a synthetic wind speed profile, the lack

of perfect correlation between the wind shear and gust can be taken into

account by multiplying the shears (wind speed changes) (subsection 5. 3. 6)

and the quasi-square-wave discrete gusts (subsection 5. 3. 7) by a factor of

0.85 before constructing the synthetic wind profile. This is equivalent, as an

engineering approximation, 14 to taking the combined 99 percentile gust and

shear combination rather than the separate addition of the 99 percentile values

for the gusts and shears in a perfectly correlated manner.

Thus, to construct the synthetic wind speed profiles (considering

relationships between shears, speeds, and gusts, using the design wind speed

envelopes given in subsection 5. 3. 5_, the procedure that follows is used.

Figures 5. 3. 15 and 5. 3. 16 show an example using the 95.percentile design

wind speed profile envelope, the 99 percentile wind speed buildup envelope,

and the modified one-minus-cosine discrete gust shape.

a. Construct the shear buildup envelope in the way described in sub-

section 5. 3. 8. 1, except multiply the values of wind speed change used for each

scale-of-distance by 0. 85. (In the example for the selected altitude of 12 km,

the point at li km will be found by using the wind speed change of 32. 7 x 0. 85,

or 27. 8 m/sec. ) This value subtracted from 75 m/sec then gives a value of

47. 2 m/sec for the point plotted at 11 kilometers instead of the value of

42. 3 m/sec used when shear and gust relationships were not considered.

b. The superimposed gust is added by extending the shear buildup
envelope until it becomes tangent to the one-minus-cosine shaped gust. As

shown in Figure 5. 3. 15, the extension of the shear buildup envelope is made

with the same slope as that of the last 100-meter layer segment before it

meets the design wind speed profile. To eliminate the problem of exaggerated

vehicle responses when a discontinuous function made up of straight lines is

14. This approach was used successfully in the Apollo/Saturn vehicle

development program.
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JDesign Wind Speed Profile

th +30.al jj_Rj
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WIND SPEED ENVELOPE, AND SPEED BUILDUP ENVELOPE
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applied to a vehicle, the gust should be represented by a modified one-minus-

cosine shape to round the corners as shown in Figure 5.3. 15. Details of the

one-minus-cosine shaped gust are as follows:

i. The gust consists of the linear extension of the shear buildup

envelope from the design wind speed envelope, the buildup to the peak gust

speed on a one-minus-cosine curve (first half of curve) in 30 meters of

altitude (a half-wavelength), a constant velocity plateau of from 0 to 215 meters,

and a tail-off on the second half of the one-minus-cosine curve, also in

30 meters altitude. The amplitude of the gust (total wind speed increase) from

the design wind speed envelope to the constant velocity plateau is equal to

0. 85 × 9 m/sec = 7.6 m/sec. The one-minus-cosine curve has a half-wavelength

of 30 meters (altitude).

2. Starting at the point where the shear buildup envelope meets

the design wind speed envelope as the zero point, the 99 percentile gust

(Figure 5. 3. 15) is described by the following equations:

0-<zM-I-<a 2 AW G = (0.09)

a 2 --<AH -< 30 - al AW G = 3. 825

30 - a 1 -< AH - th - a 1 AW G = 7. 65

th - a 1 --<AH -< th + 30 - a t AW G = 3. 825

th +30- a I<-AH A W G = 0

(0.85)_ = 0.0765AH

1 - cos (AH + a 1

1-cos (AH + 30 + a 1 - th

where

AH = altitude difference (m)

AW G = gust wind speed (m/sec)

a 1 = the shift of the one-minus-cosine buildup required to a tangential

changeover from the shear buildup envelope and the gust (m)

a2 = the tangent point of the shear buildup envelope and the gust (m)
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th = the "thickness" of the gust (m)

a 1 = 0.9137m , a 2 = 0.9215m

The range of thickness (th) of the gust is 30 m -< 240 m.

c. When the gust ends at the design wind speed envelope, the synthetic

wind profile may follow the design wind speed envelope or shear backoff profile.

Vehicle response should be checked for flight performance through flight
using the wind envelope as forcing function also.

d. If a power spectrum representation (see 5. 3. 7.2J is used then

disregard all references to discrete gusts in the above. Use the 0. 85 factor

on shears and apply the spectrum as given in subsection 5. 3. 7. 2.

5.3.8.3 Synthetic Wind Speed Profiles For Non Vertical Flight Path

The application of the synthetic wind profile for other than the

vertical flight path is accomplished by multiplying the steady state wind and

wind shear buildup and backoff values by the cosine of the angle between the

vertical axis (earth fixed coordinate system) and the vehicle's flight path.

The gust (or turbulence spectra) is applied directly to the vehicle without

respect to the flight path angle. The synthetic wind profile is otherwise

developed according to procedures given in section 5.3.8.2.

5.3.9 Characteristic Wind Profiles to a Height of 18 Kilometers

5.3.9.1 Features of Wind Profiles

A significant problem of space vehicles is to provide assurance

of an adequate design for flight through wind profiles of various configurations.

During the major design phase of a space vehicle, the descriptions of various

characteristics of the wind profile are employed in determining the applicable

vehicle response requirement. Since much of the vehicle is in a preliminary

status of design and the desired detail data on structural dynamic modes and
other characteristics are not known at this time, the use of characteristic

(statistical and synthetic) representations of the wind profile are desirable.

However, after the vehicle design has been finalized and tests have been

conducted to establish certain dynamic capabilities and parameters, it is

desirable to evaluate the total system by simulated dynamic flight through wind

profiles containing adequate frequency resolution (Ref 5. 31). The profiles

shown in Figures 5. 3. 17 through 5. 3. 22 are actual scalar values of wind

velocities measured by the FPS-16 Radar/Jimsphere wind measuring system,

and they illustrate the following: (1) jet stream winds, (2) sinusoidal variation
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FIGURE 5. 3. 18 EXAMPLE OF SINE
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ALTITUDE REGION

in wind with height, (3) high winds with broad altitude band, (4) light wind

speeds, and (5) discrete gusts.

These profiles show only a few of the possible wind profiles that can

occur. Jet stream winds (Figure 5. 3. 17) are quite common to the various

test ranges during the winter months and can reach magnitudes in excess of

100 m/sec. These winds occur over a limited altitude range, making the

wind shears very large. Figure 5. 3. 18 depicts winds having sinusoidal

behavior in the 10- to 14-kilometer region. These types of winds can create

excessive loads upon a vertically rising vehicle, particularly if the reduced

forcing frequencies couple with the vehicle control frequencies and result

in additive loads. It is not uncommon to see periodic variations occur in the

vertical winds. Some variations are of more concern than others, depending

upon wavelength and, of course, amplitude. Figure 5. 3.19 is an interesting

example of high wind speeds that persisted over 6 kilometers in depth. Such

flow is not uncommon for the winter months. Figure 5.3. 20 shows scalar

winds of very low values. These winds were generally associated with
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easterly flow over the entire altitude interval (surface to 16 kin) at Kennedy

Space Center, Florida. The last examples (Figures 5. 3. 21 and 5. 3. 22)

illustrate two samples of discrete gusts.

5.3.10 Detail Wind Profile Representative Samples

5.3. 10. 1 Introduction

FPS-16 Radar/Jimsphere detailed wind profile measurements

%have been made at Cape Kennedy since December 1964. The reduction technique

used to reduce the radar data provides a mean wind velocity (direction and

speed) associated with an altitude layer of about 50 meters (Ref. 5. 32). A

discussion on the accuracy of these data is presented in Reference 5. 33. A

magnetic tape data record containing 1800 wind profiles has been established

for engineering use in aerospace vehicle design verification and launch delay

risk calculations. These data sets are designated as MSFC/NASA Jimsphere

Wind Data Tape for Design Verification and are available upon request to the

Aerospace Environment Division, NASA-MarshaU Space Flight Center,

Huntsville, Alabama 35812 (Ref. 5.34).
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5.3.10.2 Utilization of MSFC Jimsphere Wind Data for Design

Verification

These records provide a representative selection of detailed

wind velocity profiles for each of the twelve monthly periods for a given

launch site. The data encompass a frequency content which exceeds the fre-

quency of the first structural mode of most aerospace vehicles. Therefore,

no additional allowance is required for high frequency components as is

necessary for conventional rawinsonde profile data records. These data are
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intended for use in aerospace vehicle final design verification analysis to

determine vehicle systems operational capabilities from near the

earth's surface to approximately 18 kilometers altitude. Data have been inter-
polated for the lower few hundred meters and upper few kilometers to provide a

complete profile (surface to 20 km) for computer use. Statistical comparisons

of aerospace vehicle responses calculated from these wind profile records will

be more easily assessed on the month-to-month basis using an equal number

of profiles for each month provided by these records.

For vehicle operational capabilities analysis the vehicle simulations should
be conducted with adequate representation of the vehicleWs aeroelastic and

dynamic characteristics to warrant utilization of detailed wind velocity profile

data as a forcing function. It is considered that these wind profiles are an

adequate selection for use in design verification analyses. Simulations may be

conducted and statistically summarized with respect to an annual, seasonal, or

monthly reference period. The monthly reference period is recommended.

Vehicle response simulations should be accomplished for the com-

plete range of intended flight azimuths with respect to the total vector wind

profile and not the scalar wind speed profiles (i. e., magnitude of the wind

vector). Direction variations may be critical to the magnitude of the wind

shears. All wind profiles should be utilized for each monthly period since the

frequency content of wind profiles with low wind speed magnitudes may be as

critical for some vehicle structural and control configurations as those for

high wind speed.

The organization that uses these inflight wind data must establish a

probability level of launch delay that it is willing to accept in the verification

of a vehicle Vs design relative to the inflight wind influences. The probability

level selected is the risk of launch delay and not vehicle loss if an adequate

prelaunch monitorship program (Ref. 5.42) is employed.

The following steps outline recommended procedures for using the wind

velocity profile data to calculate vehicle operational capability and launch delay
risks:

Step 1. Calculate the vehicle response from flight simulation for each

profile without wind bias using an appropriate flight simulation model and

taking into consideration non-nominal vehicle performance with adequate

vehicle aeroelastic and dynamic characteristics. A representative selection

should be made of flight azimuths expected for the operational life of the

vehicle.
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Step 2. Ifthe flightsimulations reveal thatthe vehicle has a capability

to fly through allwind profiles for a given monk, and the specified flight

azimuths, then the probabilityequal to N(the number of profiles in the month)

divided by N + i is assigned as the vehicle launch capabilityrelative to inflight

winds. This probabilityvalue for the monthly sample size is 0.9934, based

on 150 profiles per month.

Step 3. For other probabilitylevels the maximum response to each

wind profile is taken (see Step l) for the given flightazimuths, grouped for

each monthly period, and probabilitydistributionfunction is determined. From

this distributionfunctionthe probabilitythat the response will be less than any

given value can be determined. Also, the probabilitythat the response is

greater than, or equal to, any given value can be determined. This latter

probability (expressed _ percent) is called the probability of launch delay

risk for the given response. Ifthe vehicle launch capabilityis such that the

launch delay risk is less than or equal to a pre-established acceptable level

(a suggested level is -<5 percent since itprovides on the average a launch

delay risk of i.5 days during a month) for given flightazimuths in each

monthly reference period, then the design shall be considered verified relative

to the specified launch site.

Step 4. If the launch delay risk is significantly greater (in a statistical

sense) than the preestablished acceptable level, then potential areas of design

enhancement to permit the desired launch probability may be considered.
Some methods are (a) structural/control systems modification and (b) wind

bias trajectory.

Step 5. If conditions are not satisfied by Step 4, then operational

constraints may be imposed such as restrictions on flight azimuth or accept-

ance of a larger launch delay risk for certain months for the specified

launch site(s).

Final launch delay probability calculations for an operational vehicle

may be computed in the same manner. However, in this case, the specific

mission's flight azimuth(s) and month of launch should be used in the calcula-

tion. Adequate vehicle aeroelastic and dynamic representation and allowance

for non-nominal vehicle characteristics should be made. The individual vehicle

peak response should be ordered as stated above and the launch probability
determined with respect to the desired flight azimuth.
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5.3.11 Wind Profile Data Availability

5.3.11.1 Availability of F PS-16 Radar/Jimsphere Wind Velocity
Profiles

There are currently over 3000 profiles from Cape Kennedy,

300 profiles from Point Mugu, s 350 profiles from White Sands Missile Range,

240 profiles from Green River, and 250 profiles from Wallops Island which

have been reduced and edited. Additional data are being acquired. Some of

these profile data have been published (Ref. 5. 35). All the data are available

on magnetic tapes. Master tapes have been prepared to make the data readily

accessible for use in research studies. These data will be made available to

aerospace, scientific, and engineering organizations upon request to the

Chief, Aerospace Environment Division, Aero-Astrodynamics Laboratory,

NASA-George C. Marshall Space Flight Center, Marshall Space FLight Center,
Alabama 35812.

5.3.11.2 Availability of Rawinsonde Wind Velocity Profiles

Serially complete, edited, and corrected rawinsonde wind

profile data are available for 14 years, two observations per day, for Cape

Kennedy (Eastern Test Range), and for 9 years, four observations per day,

for Santa Mouica (Space and Missile Test Center), and for 5 years, two

observations per day, for Vandenberg Air Force Base (Pacific Missile Range).

Qualified requestors in aerospace, scientific, and engineering organizations

may obtain these data, which are also on magnetic tapes, upon request to the

Chief, Aerospace Environment Division, Aero-Astrodynamics Laboratory,

NASA-George C. Marshall Space Flight Center, Marshall Space Flight Center,

Alabama 35812. They are also available as card deck 600 from the National

Climatic Center, NOAA, Asheville, North Carolina 28801.

5.3.11.3 Availability of Rocketsonde Wind Velocity Profiles

Rocketsonde wind profile data have been collected for approxi-

mately 10 years from various launch sites around the world. These data can
be obtained from the World Data Center A, Asheville, North Carolina 28801.

1-5...... Vandenberg AFB, California, measurements were started in spring

of 1971.
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5.,3. 11.4 Availability of Smoke Trail Wind Velocity Profiles

A limited amount of wind velocity data have been obtained by

the use of smoke trail techniques to determine the small scale variations of

wind velocity with altitude. References 5.36 and 5. 37 should be consulted

for obtaining such data.

5.3.11.5 Utility of Data

All wind profile data records should be checked carefully by

the user before employing them in any vehicle response calculations. Wherever

practical, the user should become familiar with the representativeness of the

data and frequency content of the profile used, as well as the measuring

system and reduction schemes employed in handling the data. For those

organizations that have aerospace-meteorology oriented groups or individuals

on their staffs, consultations should be held with them. Otherwise, various

government groups concerned with aerospace vehicle design and operation can
be of assistance. Such action by the user can prevent expensive misuse and

error in interpretation of the data relative to the intended application.

5.3.12 Atmospheric Turbulence Criteria for Horizontally Flying

Vehicles

In this section are presented the continuous turbulence random

model for the design of aerospace vehicles capable of flying horizontally and

vertically through the atmosphere. In general both the continuous random

model (sections 5.3.12 and 5.3. 13) and the discrete model (section 5.3. 14)

are used to calculate vehicle responses with the procedure producing the

larger response being used for design. The NASA Space Shuttle will have this
mixed mode capability. This vehicle, consisting of two stages {Booster and

Orbiter), will be launched vertically. After the boost phase, the Booster will

fly back to a recovery site, while the Orbiter will continue to ascend into earth
orbit. After the orbital mission has been completed, the Orbiter will return

to earth; however, during the last part of the let-down phase the Booster and

Orbiter will execute horizontal flight. Thus, the Orbiter and Booster stages

will be, subjected to loads resulting from atmospheric turbulence during horizontal

or near horizontal flight.

To a reasonable degree of approximation, inflight atmospheric turbu-

lence experienced by horizontally flying vehicles can be assumed to be

homogeneous, stationary, Gaussian, and isotropic. Under some conditions,

these assumptions might appear to be drastic, but for engineering purposes

they seem to be appropriate, except for flight at low level over rough terrain.
It has been found that the spectrum of turbulence first suggested by yon
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Karman appears to be a good analytical representation of atmospheric

turbulence. The longitudinal spectrum is given by

@u (G' L) = _2 2__L_L 1 , (5.26)
[i + (1.339 L_)2]5/6

where o_ is the variance of the turbulence, L is the scale of turbulence, and

is the wave number in units of radians per unit length. The spectrum is
defined so that

o_ = f @u(ft, L) d_ . (5.27)
0

The theory of isotropic turbulence predicts thatthe spectrum _ of the
w

lateral and vertical components of turbulence are related to the longitudinal

spectrum through the differentialequation

14D d4_u 1
1 _ fl

Substitutionof equation (5.26) intoequation (5.28) yields

(5. 28)

8 (1. 339 Lfl) 2

= o.2 L___ 1 + -_- 1'_6 (5. 29)
w lr [1 + (1.339 L_) 2]

The dimensionless quantities 2_ _Jo _ L and 27r _v/o _ L

Figure 5. 3. 23 as function of ilL. As LG--_o, _ and
behave like u w

~ o.2 2L (Lfl) -s/3

u _" (1. 339) 5/s (L_"-" _)

are depicted in

asymptotically

( 5. 30)

,,, o_ 2L (Lfl)- _/3 (Lfl-" _o)

w z- (1. 339) _/s
(5.31)
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lO luO

FIGURE 5. 3. 23 THE DIMENSIONLESS LONGITUDINAL AND LATERAL

2 z'@ 2 z'@
u w

AND --_ SPECTRA AS FUNCTIONS OF THE

DIMENSIONLESS FREQUENCY L_

consistent with the concept of the Kolmogorov inertial subrange. In addition,

@w/@ asu-* 4/3 [_L --.o. Design values of the scale of turbulence L are given

in Table 5. 3. 24. Experience indicates that the scale of turbulence increases

as height increases in the first 762 meters (2500 ft) 16 of the atmosphere, and

typical values of L range from 183 meters (600 ft) near the surface to

610 meters (2000 ft) at approximately a 762-meter (2500-ft) altitude. Above

16. U S. customary units are used in the section in parentheses to main-

tain continuity with source of data - Air Force Flight Dynamics

Laboratory and other documentation.
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the 762-meter (2500-ft) level, typical values of L are in the order of 914 to

1829 meters (3000 to 6000 ft). Thus, the scales of turbulence in Table 5.3. 24

are probably low, and they would be expected to give a somewhat conservative

or high number of load or stress exceedances per unit length of flight.

The power spectrum analysis approach is applicable only to stationary
Gaussian continuous turbulence, but atmospheric turbulence is neither

statistically stationary or Gaussian over long distances. The statistical

quantities used to describe turbulence vary with altitude, wind direction,

terrain roughness, atmospheric stability, and a host of other variables.

Nevertheless, it appears that the observed power spectrum of the vertical

velocity from 304 to 12 190 meters (1000 to 40 000 ft) above terrain is

reasonably invariant. Accordingly, it is recommended that atmospheric turbu-

lence be considered locally Gaussian and stationary and that the total flight

history of a horizontally flying vehicle be considered to be composed of an

ensemble of exposures to turbulence of various intensities, all using the same

power spectrum shape. Thus, it is recommended that the following statistical
distribution of rms gust intensities be used:

p (or) = P-_ exp + P_2,_ exp
bl 2bl b2

(5.327

where b 1 and b z are the standard deviations of a in nonstorm and storm

turbulence. The quantities P1 and P2 denote the fractions of flight time or
distance flown in nonstorm and storm turbulence. It should be noted that if

P0 is the fraction of flight time or distance in smooth air, then

Po + Pl + P2 = 1 . (5.337

The recommended design values of Pi, P2, bl, and b_ are given in Table

5.3.24. Note thatover rough terrain b2 can be extremely large in the first

304 meters (1000 ft) above the terrain and the b's for the vertical, the lateral,

and the longitudinalstandard deviations of the turbulence are not equal. Thus,

in the first 304 meters (I000 ft) of the atmosphere above rough terrain, turbu-

lence is significantlyanisotropic and this anisotropy must be taken intoaccount

in engineering calculations.

An exceedance model of gust loads and stresses can be developed with

the above information. Let y denote any load quantity that is a dependent
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variable in a linear system of response equations (for example, bending

moment at a particular wing station). This system is forced by the longitudinal,

lateral, and vertical components of turbulence, and upon producing the Fourier

transform of the system, it is possible to obtain the spectrum of y. This

spectrum will be proportional to the input turbulence spectra, the function of

proportionality being the system transfer function. Upon integrating the spec-

trum of y over the domain 0 < Q < .o, we obtain the relationship"

= A_ , (5.34)
Y

where A is a positive constant that depends upon the system parameters and

the scale of turbulence, and where _ is the standard deviation of y.
Y

If the output y is considered to be Gaussian for a particular value of

_, then the expected number of fluctuations of y that exceed y* with posi-

tive slope per unit distance with reference to a zero mean is

t')N(y*) = No exp Y..X__ (5. 35)

where N o is the expected number of zero crossings of y unit distance with

positive slope and is given by

1 _ • (_7 di2 (5. 367
No = 2xa y

Y

In this equation, _ is the spectrum of y and
Y

If 1o- = • (f_7 df_
Y Y

(5. 377

The standard deviation of ¢ is related to standard deviation of turbulence
Y

through equation (5. 347, and _ is distributed according to equation (5. 32).

Accordingly, the number of fluctuations of y that exceed y* for standard
deviations of turbulence in the interval _ to _ + d_ is N(y*) p(_)d_, so

that integration over the domain 0 < _ < oo yields
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M(y*) = 1)1 exp + 1)2 exp (5.38)
No / . ] '

where M(y*) is the overall expected number of fluctuations of y that exceed

y* with positive slope. To apply this equation, the engineer needs only to

calculate A and N o and specify the risk of failure he wishes to accept. The

appropriate values of 1)1 , 1)2 , b 1 , and b 2 are given in Table 5.3. 24. Figures

5.3. 24 and 5. 3. 25 give plots of M(y*)/N 0 as a function of ly* I/A for the

various altitudes for the design data given in Table 5. 3. 24. Table 5. 3. 25

provides a summary of the units of the various quantities in this model.

It should be noted that M (y*) and N O in equation (5. 38) have the

units of inverse time (i. e., sec -1) provided M(y*) and N O both have

the same mLits. This amounts to transforming _2 in equation (5. 36) to a

frequency (rad/sec) _rough a Jacobian transformation.

5.3.12.1 Application of 1)ower Spectral Model

To apply equation (5. 38), the engineer can eifner calculate A

and N O and then calculate the load quantity y* for a specified value of M (y*),

or calculate A and calculate the load quantity y* for a specified value of

TABLE 5. 3.25 METRIC AND U. S. CUSTOMARY UNITS OF VARIOUS

QUANTITIES IN THE TURBULENCE MODEL FOR HORIZONTALLY

FLYING VEHICLES

Quantity Metric Units U.S. Customary Units

_2

@U' @w

(y2

L

bl, b2

Pl, 1)2

 y/A
ly* I/A

N o, N, M

rad/m

m2/sec2/rad/m

m2/seJ

m

m/sec

dimensionless

m/sec

m/see

m/sec

rad/ft

ft_/sec2/rad/ft

ft2/sec2

ft

ft/sec

dimensionless

ft/sec

ft/sec

ft/sec
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ALTITUDE RANGES
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M(y* )/N 0. In a recent study performed by the Lockheed-California Company

for the FAA (Ref. 5.38), design values of M(y*) and M(y*)/N 0 were

calculated. These design criteriawere consistent with the limit load capabili-

ties of present day commercial aircraft. The criterion in which M(y* ) is

specified is suitable for a mission analysis approach to the design problem.

The criterion in which M(y* )/N o is specified is suitablefor a design envelope

approach to aircraft design.

In the design envelope approach, itis assumed that the airplane operates

I00 percent of the time at its criticaldesign envelope point. A new vehicle

is designed on a limit load basis for a specifiedvalue of M/N 0. According

to the authors of Reference 5.38, M/N 0 = 6 × 10-9 is suitable for the design

of commercial aircraft. To apply this criterion, allcriticalaltitudes, weights,

and weight distributionsare specifiedand associated values of A are calcu-

lated. The limit loads are calculated for each of the specified configurations

with equation (5. 38) for M/N 0 = 6 × 10-9.

In the mission analysis approach, a new aircraft is designed on a limit

load basis according to Reference 5.38 for M = 2 × I0-s load exceedances per

hour. To apply thiscriterion, the engineer must construct an ensemble of

flightprofiles which define the expected range of payloads and the variation

with time of speed, altitude,gross weight, and center of gravity position.

These profiles are divided intomission segments, or blocks, for analysis;

and average or effectivevalues ofthe pertinent parameters are defined for

each segment. For each mission segment, values of A and N O are deter-

mined by dynamic analysis. A sufficientnumber of load and stress quanti-

ties are included in the dynamic analysis to assure that stress distributions

throughout the structure are realisticallyor conservatively defined. Now the

contribution to M(y* ) from the ithflightsegment is t.M. (y*)/T where t.
1 1 1

is the amount of time spent in the ith flightregime (mission segment), T

is the totaltime flown by the vehicle over allmission segments, and Mi(Y*)

is the exceedance rate associated with the ith segment. The totalexceedance

rate for allmission segments, k say, is

k t.

1 (1) [y* ]/bIA - ly$[/b2A )M(y*) = _, -_ N0i le- + P2e , (5.39)
i=I

where subscript i denotes the ith mission segment. The limit gust load

quantity ly* I can be calculatedwith this formula upon setting M(y*) = 2 × I0-s

exceed_ces per hour.
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The above mentioned limit load design criteria were derived for

commercial aircraft which are normally designed for 50 000-hour lifetimes.

Therefore, to apply these criteria to horizontally flying aerospace vehicles

which will have relatively short lifetimes would be too conservative. However,

it is possible to modify these criteria so that they will reflect a shorter vehicle

lifetime. The probability F that a load will be exceeded in a given number

of flight hours T is P

-TM
F = 1- e (5.40)

P

It it is assumed that the limit load criterion M = 2 x 10 -5 exceedances per

hour is associated with an aircraft with a lifetime T equal to 50 000 hours,

this means that F = 0.63, i. e., ther6 is a 63 percent chance that an aircraft
P

designed for a 50 000-hour operating lifetime will exceed its limit load

capability at least once during its operating lifetime. This high failure prob-

ability, based on limit loads, is not excessive in view of the fact that an air-

craft will receive many inspections on a routine basis during its operating

lifetime. In addition, after safety factors are applied to the design limit
loads the ultimate load exceedance rate will be on the order of 10 -8 exceed-

ances per hour. Substitution of this load exceedance rate into equation (5. 40)

for T = 50 000 hours yields a failure probability, on an ultimate load basis,

of F = 0. 0005. This means that there will only be a 0.05 percent chance that
P

an aircraft will exceed its ultimate load capability during its

operating lifetime of 50 000 hours. Thus, a failure probability of F = 0.63
P

on a limit load basis is reasonable for design. Let us now assume that

F = 0. 63 is the limit load design failure probability so that equation (5. 40)
P

can be used to calculate design values of M associated with a specified

vehicle lifetime. Thus, for example, if we expect a vehicle to fly only 100

hours, then according to equation (5. 40), we have M = 10 -2 exceedances per

hour. Similarly, if we expect a vehicle to be exposed to the atmosphere for
1000 hours of flight, then M = 10 -3 exceedances per hour.

The corresponding design envelope criterion can be obtained by dividing

the above calculated values of M by an appropriate value of N 0. In the case

of the 50 000 hours eirterion, we have M/N 0 = 6 × 10 -9 and M = 2 × 10 -5

exceedances per hour so that an estimate of N o for purposes of obtaining a

design criterion is N o = 0. 333 × 104 hr -1 . Thus, upon solving equation (5. 40}

for M and dividing by N o = 0. 333 × 104 hr -1, the design envelope criterion
takes the form
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M 3 xl0 -4
= (5.41)

N o T

where we have used F = 0. 63. Thus, for a 100-hour aircraft, the design
P

envelope criterion is M/N 0 = 3 × 10 -6 and for a 1000-hour aircraft

M/N 0 = 3x 10 -7 .

It is recommended that both the limit load and ultimate load failure

probabilities, F = 0. 63 and 0. 0005 respectively, be used in the gust load
P

calculations for the horizontal flight phase in the design of aerospace vehicles

like the NASA Space Shuttle. To apply the design environment the engineer

would calculate the limit loads for a prescribed mission profile with equations

( 5. 39) and (5. 40) for F = 0.63 and then calculate a set of ultimate loads by
P

applying appropriate factors of safety to the limit loads. We shall term these

loads "safety factor ultimate loads. " To guarantee that the ultimate load

failure probability is at most F = 0. 0005, a floor on the ultimate design loads
P

should be determined by calculating a second set of loads again with equations

(5. 39) and (5.40}, however, with F = 0.0005. If the safety factor ultimate
P

loads are greater than or equal to the floor loads, then the ultimate load

failure probability, F is less than or equal to 0. 0005. If the safety factor
P

ultimate loads fail below the floor loads then the floor loads should be used

in the design.

It is recommended that the power spectral approach be used in place

of the standard discrete gust methods. Reasonably discrete gusts undoubtedly

occur in the atmosphere; however, there is accumulating evidence that the

preponderance of gusts are better described in terms of continuous turbulence

models. It has long been accepted that clear air turbulence at moderate

intensity levels is generally continuous in nature. Thunderstorm gust velocity

profiles are now available in considerable quantity, and they almost invariably

display the characteristics of continuous turbulence. Also, low level turbulence

is best described with power spectral methods. A power spectral method of

load analysis is not necessarily more difficult to apply than a discrete gust

method. The present static load plunge-only discrete gust methods can, in

fact, be converted to a power spectral basis by making a few simple modifica-

tions in the definitions of the gust alleviation factor and the design discrete

gust. To be sure, this simple rigid-airplane analysis does not exploit the full

potentiality of the power spectral approach, but it does account more realistic-

ally for the actual mix of gust gradient distances in the atmosphere and the

variation of gust intensity with gradient distance.
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5.3.13 Turbulence Model for Flight Simulation

For simulation of turbulence in either an analog or digital

fashion, the turbulence realizations are to be generated by passing a white

noise process through a passive filter. The model of turbulence as given in

subsection 5. 3. 12 is not particularly suited for the simulation of turbulence
with white noise. This results because the von Karman spectra given by

equations (5. 26) and (5. 29) are irrational. Thus, for engineering purposes,

the Dryden spectra may be used for simulation of continuous random turbu-

lence. They are given by

Longitudinal: ¢ (_2) = 02 2.__.L 1 (5.42)
u lr 1 + (L_2) 2

Lateral and Vertical: • (_2) = 02 L_ 1 + 3(L_2) 2 (5. 43)

w r [1 + (Lfi) 2]

Since these spectra are rational, a passive filter may be generated.

It should be noted that the Dryden spectra are somewhat similar to the yon

Karman spectra. As _2L --0 the Dryden spectra asymptotically approach

the von Karman spectra. As fiL --* _ the Dryden spectra behave like (_2L) -2,

while the von Karman spectra behave like (qL)-5/3 Thus, the Dryden

spectra depart from the yon Karman spectra by a factor proportional to

(_2L) -1/3 as _2L -- _, so that at sufficiently large values of _2L the Dryden

spectra will fall below the von Karman spectra. However, this deficiency in

spectral energy of the Dryden spectra with respect to the yon Karman spectra

is not serious from an engineering point of view. If the capability to use the

yon Karman spectra is already available, the user should use it in flight

simulation rather than the Dryden spectra.

The spectra as given by equations (5. 42) and (5. 43) can be transformed

from the wave number (gZ) domain to the frequency domain (w, rad/sec) by

noting that _2 = w/V and a Jacobian transformation, so that

L 2o2 1

@u (w) = V _ i + (Lw/V) z (5.44)

¢I, (w) = L 02 1 + 3(Lw/V) 2
w V Ir [i + (I_mlV)Z] z " (5.45)
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The quantity V is the magnitude of the mean wind vector relative to the aero-

space vehicle, _ _ C. The quantities _ and C denote the velocity vectors

of the mean flow of the atmosphere and the aerospace vehicle relative to the

earth. The longitudinal component of turbulence is defined here to be the

component of turbulence parallel to the mean wind vector relative to the aero-

space vehicle (u - C). The lateral and vertical components of turbulence

are perpendicular to the relative mean wind vector and act in the lateral and
vertical directions relative to the vehicle flight path.

5.3.13.1 Transfer Functions

Atmospheric turbulence can be simulated by passing white

noise through filters with the following frequency response functions:

(2k_ 1/2
Longitudinal: Fu(J_) = a + j_ (5.46)

Lateral and Vertical: Fw(j ) : (3k)1/2(3-1/2a+j ) (5.47)
• Ca+ '

where

V
a = _ (5.48)

L

k = . (5.49)
71"

To generate the three components of turbulence, three distinct uncorrelated
Gaussian white noise sources should be used.

To define the rate of change of gust velocities about the pitch, yaw, and

roll axes for simulation purposes, a procedure consistant with the above

formulation can be found in Section 3.7.5, "Application of Turbulence Models

and Analyses, " of reference 5.38A. This should be checked for applicability.

5.3.13.2 Boundary Layer Turbulence Simulation

The turbulence in the atmospheric boundary layer, defined

here to be the first 533. 4 meters (1750) of the atmosphere, is inherently

anisotropic. To simulate this turbulence realistically as possible, the dif-
ferences between the various scares and intensities of turbulence should be
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TABLE 5.3.26 VALUES OF _ AND L FOR SIMULATION OF TURBULENCE

IN THE ATMOSPHERIC BOUNDARY LAYER WITH THE DRYDEN MODEL

Altitude Interval

0 to 18.3 m 18.3 to 100 m 100 to 533.4 m

-0.32

2. 23 u,
u ;,-"0

a 1.70
v u*0

i. 25 u,w 0

L 170 m
u

L 98 m
v

L 53m
W

 OU,o
1.25 u, 0

170rn

0.28

O. 64

-0. 18

I. 30 u, 0

1.25 u, 0

1.25 u, 0

0.68

m

0.68

m

0. 68

157 (1-_) m

taken into account. To do this, the values in Table 5.3. 26 of a and L

should be used in the simulation of turbulence in the atmospheric boundary
layer with the Dryden model.

In the table, z is height above natural grade in meters, and the L's and

a's have units of meters and meters per second. The subscripts u, v, and

w denote quantities associated with the longitudinal, lateral, and vertical

components of turbulence. The quantity u. 0

and is given by

is the surface friction velocity

18.3
U,o-- 0.4 /18.._ ' (_._0)

_n c. -Jt-_-, /

where z 0 is the surface roughness length in meters (subsection 5. 26.2), and

u18. 3 is the 18. 3-meter level mean flow wind speed. The mean profile which

defines the mean scalar wind speed is
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-- Uls. 3 (5. 51)

To apply this model for turbulence simulation in the atmospheric boundary

layer, the engineer must specify the 18. 3-meter level wind speed ulS. 3 ;

the surface roughness length z0; and the wind direction of the mean wind

vector u (z) for each flight simulation. The mean flow wind vector lies

in the horizontal plane. The specification of z 0 and Uls. 3 define U$ 0

and thus _u' _v' and _ . Substitution of the values of _ and L into
W -_

(5. 46 - 5. 49) determines the transfer functions to be used in the simulation.

5.3.13.3 Turbulence Simulation in the Free Atmosphere

(above 533,4 m)

To simulate turbulence in the free atmosphere (above

533.4 m) above the atmospheric boundary layer, it is recommended that

equations ( 5. 38) and ( 5. 41) and the supporting data in Table 5. 3. 24 be used

to specify the appropriate values of _. The turbulence at these altitudes can

be considered to be isotropic for engineering purposes so that the integral

scales and intensities of turbulence are independent of direction. Past studies

have shown that the integral scale of turbulence of L = 762 meters in

Table 5. 3. 24 should be replaced with a value of L = 533. 4 meters when the

Dryden spectrum is being used (Ref. 5. 38A). This reduction in scale tends to

bring the Dryden spectrum in line (with the yon Karman spectrum with

L = 762 m) over the band of wave numbers of the turbulence which are of pri-

mary importance in the design of aerospace vehicles. Accordingly, it is
recommended that L = 533. 4 meters for altitudes above the 533. 4 meter level.

To calculate the value of _ appropriate for performing a simulation,

the following procedure is used to calculate the design instantaneous gust

from which the design value of _ shall be obtained. The procedure consists

of specifying the vehicle lifetime T; calculating the limit load design value of

M/N 0 with equation (5. 41) ; and calculating the limit load instantaneous gust

velocity, w* say, with equation (5. 38) for A = 1. The instantaneous gust

velocity w* should be associated with the 99. 98_perceut value of gust velocity

for a given realization of turbulence. In addition, the turbulence shall be

assumed to be Gaussian, so that the value of _ for performing a simulation

shall be obtained by dividing w* by 3. 5. This value of _ and L = 533. 4
meters shall be used to simulate the longitudinal, lateral, and vertical

components of turbulence with equations (5.46) and (5.49_.
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5. 3. 14 Discrete Gust Model - Horizontally Flying Vehicles

Often it is useful for the engineer to use discrete gusts in load

and flight control system calculations of horizontally flying vehicles. The

discrete gust is defined as follows:

Vd = 0, x<0

V

V d = _ -cos , O-x_2d m

Vd = 0 , x>2d m

where V is the maximum velocity of the gust which occurs at position
m

x = d in the gust. To apply the model, the engineer specifies several values
m

of the gust half-width d , so as to cover the range of frequencies of them

system to be analyzed. To calculate the gust parameter V one enters
m

Figure 5.3. 26 with dm/L and reads out Vm/a. Figure 5.3. 26 is based on

the Dryden spectrum of turbulence. Accordingly, the procedures outlined in

subsections 5.3. 13. 2 and 5. 3.13. 3 can be used for the specification of the

a's and L's to determine the gust magnitude V from Figure 5. 3. 26. Inm

the boundary layer, three values of V will occur at each altitude, one form

each component of turbulence. In the free atmosphere the longitudinal, lateral,

and verticle values of V are equal at each altitude, in general both the
m

continuous random model (sections 5.3. 12 and 5.3. 13) and the discrete

model (section 5.3. 14) are often used to calculate vehicle responses with
the procedure producing the larger response being used for design.

5.3.15 Flight Regimes For Use of Horizontal and Vertical Turbulence

Models (Specta and Discrete Gusts)

Sections 5.3.7, 5.3.12, and 5.3.14 contain turbulence (spectra

and discrete gusts) models for response calculations of vertically ascending and

horizontally flying aerospace vehicles.

The turbulence model for the horizontally flying vehicles was

derived from turbulence data gathered with airplanes. The turbulence model

for the vertically ascending or descending vehicles was derived from wind profile

measurements made with vertically ascending Jim_sphere balloons and smoke

trails. In many instances aerospace vehicles neither fly in a pure horizontal
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FIGURE 5. 3. 26. NONDIMENSIONAL DISCRETE GUST MAGNITUDE Vm/a

AS A FUNCTION OF NONDIMENSIONAL GUST HALF-WIDTH

flight mode nor ascend or descend in a stricly vertical flight path. At this time

there does not appear to be a consistent way of combining the turbulence models

for horizontal and vertical flight so as to be applicable to the design of aerospace

vehicles with other than near horizontal or vertical flight paths without being

unduly complicated or overly conservative. In addition, the unavailablility of a
sufficient large data sample of turbulence measurements in three dimensions

precludes the development of such a combined model.

AccordingLy, in Lieu of the availability of a combined turbuLence
model and for the sake of engineering simplicity the turbuLence modeL in section

5.3.7 should be applied to ascending and descending aerospace vehicles when

the smaLLest angLe between the flight path and the Local vertical is less than or

equal to 30 degrees. SimiLarly, the turbulence modeL in Sections 5.3.12 and

5.3.14 should be applied to aerospace vehicles when the smallest angle between

the flight path and the locaL horizontal is Less than or equal to 30 degrees. In

the remaining flight path region between 30 degrees from the Local vertical and

30 degrees from the Local horizontal, both turbulence models shouLd be indepen-

dently applied and the most adverse responses used in the design.
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5.4
Mission Analysis, Prelaunch Monitoring, and Flight
Evaluation

Wind information is useful in the following three general cases
of mission analysis:

a. Mission Planning, Since this activitywill normally take

place well in advance of the mission, the statisticalattributes of the wind are
used.

b. Prelaunch Operations. Although wind statisticsare use-

ful at the beginning of thisperiod, the emphasis is placed upon forecasting
and wind monitoring.

c. Postflight Evaluation. The effectof the observed winds on
the flightis analyzed.

5.4.1 Mission Planning

From wind climatology, the optimum time (month and time of

day) and place to conduct the op'eratiencan be identified(Ref. 5.39). Missions

with severe wind constraintsmay have such a low probability of success that

the risk is unacceptable. Feasibilitystudies based upon wind statisticscan

identifythese problem areas and answer questions such as: "Is the mission

feasible as planned?" and "Ifthe probable risk of mission delay or failure

is unacceptably high, can itbe reduced by rescheduling to a lighterwind
period ?"

The following examples are given to illustrate the use of some of the

many wind statistics available to the mission planner.

Ifitis necessary to remove the wind loads damper from a large launch

vehicle for a mtmber of hours and this operation must be scheduled some days

in advance, the well known diurnal ground wind variation should be considered

for thisproblem. If,for example, I0.3 m/sec (20 knots) were the critical

wind speed, there is a l-percent risk at 0600 EST, but a 13-percent risk at

z500 EST in July. Obviously the midday period in the summer should be

avoided for this operation. Since these probabilityvalues apply to l-hour

exposure periods, itis important to recognize thatthe wind risk depends not

only upon wind speed, but also upon exposure time. From Figure 5.4.I, the

risk in percentage associated with 15.4_m/sec (30-knot) wind at i0 meters

in February at Cape Kennedy can be obtained for various exposure times. The

upper curve shows the risk increasing from 1 percent for l-hour exposure
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FIGURE 5.4. 1 EXAMPLE OF WIND RISK FOR VARIOUS EXPOSURE TIMES

starting at 0400 EST to 9. 3 percent for 12-hour exposure starting at 0400 EST.

In this case the exposure period extends through the high risk part of the day.

The lower curve illustrates the minimum risk associated with each exposure

period. The lowest risk, of course, can be realized if the starting times are

changed to avoid the windy portion of the day. Although there is no space here

for the tabulation, wind risk probabilities by month and starting hour for

exposure periods from 1 hour to 365 days are available upon request.

When winds aloft are considered for mission planning purposes, again

the first step might be to acquire general climatological information on the

area of concern. From Figures 5. 4. 2 and 5. 4. 3 it is readily apparent that

for Cape Kennedy most strong winds occur during winter in the 10- to

15-kilometer altitude region (this applies also to nearly all midlatitude

locations). It is also true that these strong winds are usually westerly.
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Next, the mission analyst might ask if a particular mission is feasible.

If, for example, the flight is to take place in January and 10- to 15-kilometer

altitude winds -> 50 m/sec are critical, the probability of favorable winds on

any day in January is 0. 496. With such a low probability of success, this

mission may not be feasible. But, to continue the example, if it is necessary

that continuously favorable winds exist for 3 days (perhaps for a dual launch)

the probability of success will decrease to 0. 256. Obviously an alternate

mission schedule must be planned or else the scheduled space vehicle must be

provided additional capability through redesign.
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Perhaps the vehicle can remain on the pad in a state of near readiness

awaiting launch for several days. In this case it would be desirable to know

that the probability of occurrence of at least one favorable wind speed, for

example, in a 4-day period is 0. 813. If greater flexibility of operation is

desired, one might require four favorable opportunities in 4 days. This



5. 139

probability is 0. 550. Now, if consecutive favorable opportunities are required,

for example, four consecutive successes in eight periods, the probability of
success will somewhat lower (0. 431).

The mission planner might also gain some useful information from the

persistence of the winds aloft. The probability of winds < 50 m/sec on any
day in January is 0. 496. But if a wind speed < 50 m/sec does occur, then the

probability that the next observed wind 12 hours later would be < 50 m/sec is
0. 82, a rather dramatic change. Furthermore, if the wind continues below

50 m/sec for five observations, the probability that it will remain there for

one more 12-hour period is 0.92.

As the time of the operation approaches T-4 to T-1 days, the conditional

probability statements assume a more significant role. At this point, as the

winds will usually be monitored, the appropriate conditional probability value

can be identified and used to greater advantage.

The above is intended to illustrate the type of analysis that can be

accomplished to provide objective data for program decisions. This may

best be accomplished by a close working relationship between the analyst and
those concerned with the decision.

5.4.2 Prelaunch Wind Monitoring

Inflight winds constitute the major atmospheric forcing function

in space vehicle and missile design and operations (Ref 5. 40). A frequency
content of the wind profile near the bending mode frequencies or wind shear

with the characteristics of a step input may exceed the vehicle's structural

capabilities (especially on forward stations for the small scale variations of

the wind profiles). Wind profiles with high speeds and shears exert high

structural loads at all stations on a large space vehicle, and when the influences

of bending dynamics are high, even a profile with low speeds and high shears
can create large loads (Ref. 5. 41).

Because of the possibility of launch into unknown winds, operational

missile systems must accept some inflight loss risk in exchange for a rapid-

launch capability. But research and development missiles, and space vehicles

in particular, cost so much that the overall success of a flight outweighs the

consideration of launch delays caused by excessive inflight wind loads. If the

exact wind profile could be known in advance, it would be a relatively simple

task to decide upon the launch date and time. However, there is little hope of

accurately forecasting the detailed wind profile very much into the future.
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Over the years, these situations have increasingly put emphasis on

prelaunch monitoring of inflight winds. Now, finally, prelaunch and profile

determination techniques essentially preclude the risk of launching a space

vehicle or research and development missile into an inflight wind condition
that would cause it to fail.

Recent development and operational deployment of the FPS-16 Radar/

Jimsphere system (Ref. 5.42) significantly minimizes vehicle failure risks

when properly integrated into a flight simulation program. The Jimsphere sen-

sor, when tracked with the FPS-16 or other radar with equal tracking capa-

bility, provides a very accurate "all weather" detailed wind profile measure-

ment. FPS-16 radars are available at all national test ranges.

In general, the system provides a wind profile measurement from the

surface to an altitude of 17 kilometers in slightly less than 1 hour, a vertical

spatial frequency resolution of 1 cycle per 100 meters, and an rms error

of about 0. 5 m/sec or less for wind velocities averaged over 50-meter inter-

vals. The resolution of these data permits calculating the structural loads

associated with the first bending mode and generally the second mode of

missiles and space vehicles during the critical, high dynamic pressure phase

of flight. This provides better than an order-of-magnitude accuracy improve-

ment over the conventional rawinsonde wind profile measuring system (Ref.
5.43).

By employing the appropriate data transmission resources, a detailed

wind profile from the FPS-16 radar can be ready for input to the vehicle's

flight simulation program within a few minutes after tracking of the Jimsphere.

The flight simulation program provides flexibility relative to vehicle dynamics
and other parameters in order to make maximum use of the detailed wind

profiles.

If very critical wind conditions exist and the mission requirement

dictates a maximum effort to launch with provision for last minute termination

of the operation, then a contingency plan that will provide essentially real-

time wind profile and flight simulation data may be employed. This is done

while the Jimsphere balloon is still in flight.

An example of the FPS-16 Radar/Jimsphere system data appears in

Figure 5. 4. 4 -- the November 8 and 9, 1967, sequence observed during

prelaunch activities for the first Apollo/Saturn-V test flight, AS-501. The
persistence over a period of 1 hour of some small scale features in the wind

profile structure, as well as the rather distinct changes that developed in the
profiles over a period of a few hours, is evident.
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FIGURE 5.4.4 EXAMPLE OF THE FPS-16 RADAR/JIMSPHERE SYSTEM

DATA, NOVEMBER 8-9, 1967

The FPS-16 Radar/Jimsphere system (Fig. 5. 4. 5) is routinely used

in the prelaunch monitoring of NASA's Apollo/Saturn-IB and -V flights. The

wind profile data are transmitted to the Manned Spacecraft Center and Mar-

shall Space Flight Center, and the flight simulation results are sent to the

launch complex at Kennedy Space Center.

An FPS-16 Radar/Jimsphere operational measurement program

capability exists at all the national test ranges to obtain detailed
wind profile data for use in space vehicle and missile response studies,

airplane turbulence analysis, atmospheric turbulence investigations, and

mesometeorological studies. Sequential measurements similar to the Saturn-V

data shown here -- of eight to ten Jimsphere wind profiles approximately 1

hour apart -- are currently being made on at least 1 day per month for each

location. Single profile measurements are also made daily at Cape Kennedy.
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5.4.3 Post-Flight Evaluation

5. 4. 3. 1 Introduction

Because of the variable effects of the atmosphere upon a Large

space vehicle at launch and during flight, various meteorological parameters

are measured at the time of each space vehicle launch, including wind and
thermodynamic data at the earth's surface and up to an altitude of at least

50 kilometers. To make the data available, meteorological tapes are pre-

pared, presentations are made at flight evaluation meetings, memoranda of

data tabulations are prepared and distributed, and a summary is written for

the final vehicle flight evaluation report. Reference 5. 44 for Apollo/Saturn-503

is an example of one of the reports with an atmospheric section.

5.4.3.2 Meteorological Tapes

Shortly after the launch of each space vehicle, under the

cognizance of the Marshall Space Flight Center, preliminary meteorological
tape is prepared by combining the FPS-16 Radar/Jimsphere wind profile data

and the rawinsoade wind profile and thermodynamic data (temperature,
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pressure, and humidity) observed as near the vehicle launch t_ne as feasible.

This is done under the supervision of the Marshall Space Flight Center's

Aerospace Environment Division. The preliminary meteorological tape is

normally available within 12 hours after launch time and provides data to about

35 kilometers. The final meteorological tape is prepared with the addition of

rocketsonde wind and thermodynamic data extending the data to at least 50

kilometers and is available for use about 3 days after launch.

In the two meteorological data tapes (preliminary and final), thermo-

dynamic data above the measured data are given by Patrick Reference Atmo-

sphere values (Ref 5. 45). To prevent unnatural jumps in the data when the

two types are merged, the data are carefully examined to pick the best

altitude for the merging.

The meteorological data tapes are made available to all government

and contractor groups for their use in the space vehicle launch and flight
evaluation. This provides a consistent set of data for all evaluation studies

and ensures the best available information of the state of the atmosphere.

Twenty-one parameters of data are included in the meteorological data
tape at 25-meter increments of altitude 1Yin Table 5. 4. 1.

5.4.3.3 Presentations at Flight Evaluation Working Group Meetings

Unless the space vehicle performance were bad or the magni-

tude of some atmospheric parameters were near extremes at launch or during

flight, only two presentations are made at the flight evaluation meetings on
the atmospheric launch environment.

The first presentation is given at the "quick look" meeting normally

held on the day following launch. At this meeting, preliminary values of the

surface weather conditions (temperature, pressure, dew point or relative

humidity, visibility, cloudiness, and launch pad wind speed and direction) are

given, and plots of the upper wind speeds, direction, and components are shown

up to the highest altitude of the available data. Any unusual features of the
data are discussed in detail.

At the "first general" flight evaluation meeting, the final upper wind

speeds and component graphs are shown for all the data used in the

meteorological data tape.

17. Altitude increments of 25 meters were chosen to provide for maximum

engineering value and for use of the available atmospheric data and do

not necessarily represent the attainable frequency response of the
measurements.
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TABLE 5.4. i FORMAT OF METEOROLOGICAL TAPE

First Record: Identification

Word Symbol Parameter Units

1 YS

2 T

3 P

4 W

s wD
6 u/J00

7 E

8 p

9 P'

10 Vs=C S

ii N
o

12 N
e

13 W
X

i4 W
X

15 W
w-e

16 W
a-n

17 p

i8

i9 T

20 Sx250

21 Sz250

Altitude (geometric) (0=Ys--'700,000) H=25

Temperature

Pressure

Wind Speed

Wind Direction

Relative Humidity (U is percent)

Water Vapor Pressure

Density

Pressure

Velocity of Sound

Optical Index of Refraction

Electomagnetic Index of Refraction

Pitch Component of Wind Velocity

Yaw Component of Wind Velocity

Zonal Component of Wind Velocity

Meridional Component of Wind Velocity

Density

Coefficient of Viscosity

Temperature

Pitch Component Wind Shear

Yaw Component Wind Shear

m

"K

mb

m/see

deg

(i0-2) %

mb

kg/m s

newtons/cm s

m/see

unitless

unitless

m/sec

m/sec

m/see

m/sec

kg/m s

newtons/m s

"C

see -1

sec- 1
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Surface wind speeds and directions are measured and recorded at

several locations and heights above the launch pad, starting several hours

before launch time. Detailed tabulations are made from the various measuring

locations and are distributed by memoranda for flight evaluation purposes.

5.4.3.4 Atmospheric Data Section for Final Vehicle Launch Report

The results of the flight evaluation are presented in a final

vehicle launch report. A section in this report gives the information on the
atmospheric environment at launch time. Records are maintained ozz the

atmospheric parameters for MSFC sponsored vehicle test flights conducted at

Kennedy Space Center, Florida. Requests for summaries of these atmospheric

data, or related questions on specific topics, should be directed to the Aero-

space Environment Division, NASA-Marshall Space Flight Center, Alabama
35812.
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SECTION VI. ABRASION

By

Glenn E. Daniels

6. 1 Introduction.

Particles carried by wind will remove paint from exposed surfaces or

scratch, abrade, or erode them, and pit transparent surfaces. When the wind

velocities are low or moderate, damage can occur whenever the particle hard-

ness is equal to or greater than the exposed surface. When the speed of an

object with relation to atmospheric particles is high, erosion will occur even

when the particles have a hardness less than the exposed surface. A space vehicle

and its associated facilities should be designed to either withstand or be protected

from the conditions described for the geographic area of application.

The penetration of sand and dust into moving parts (bearings, gears, etc. )

can result in abnormal wear and failure. Large sand and dust particles may be

suspended in the atmosphere during periods of high winds and low humidities

(under 50 percent). Particles of dust less than 0. 002 mm (0. 000078 in. ) in

diameter are common at any time near or over land surfaces except shortly

after precipitation. Particles larger than 0.002 mm (0.000078 in. ) will settle

out rapidly unless wind or other forces are present to keep the particles sus-

pended. Small particles in the atmosphere over the sea will consist almost

entirely of salt.

Particle hardness in this section is expressed according to Mohs' hardness

scale, which is based on the relative hardness of representative minerals as

listed in Table 6. 1 (Ref. 6.2).

TABLE 6. I MOHS' SCALE-OF-HARDNESS FOR MINERALS

Mohs' Mohs'
Mineral Mineral

Relative Hardness Relative Hardness

I

2

3

4

5

Talc

Gypsum
Calcite

Fluorite

Apatite

6

7

8

9

10

Orthoclase

Quartz

Topaz
Corundum

Diamond
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6.2 Sand and Dust at Surface.

The presence of sand and dust can be expected in all geographical areas of

interest, but will occur more frequently in the areas with lower water vapor con-

centration. The extreme values expected are as follows:

6.2.1 Size of Particles.

a. Sand particles will be between 0. 080 mm (0. 0031 in. ) and 1.0 mm

(0. 039 in. ) in diameter. At least 90 percent of the particles will be between
0. 080 mm (0. 0031 in. ) and 0.30 mm (0. 012 in. ) in diameter.

b. Dust particles will be between 0. 0001 mm (0. 0000039 in. ) and

0. 080 mm (0. 0031 in. ) in diameter. At least 90 percent of these particles will

be between 0. 0001 mm (0. 0000039 in. ) and 0. 002 mm (0. 000079 in. ) in diameter.

6.2. 2 Hardness and Shape.

More than 50 percent of the sand and dust particles will be composed of
angular quartz or harder material, with a hardness of 7 to 8.

6.2. 3 Number and Distribution of Particles.

a. Sand. For a wind speed of 10 m sec -1 ( 19.4 knots) at 3 m ( 9. 9 ft)

above surface and relative humidity of 30 percent or less, there will be 0.02

gcm _ ( 1.2 lb ft _) of sand suspended in the atmosphere during a sand storm.

Under these conditions, 10 percent of the sand grains will be between 0.02 m

(0.079 ft) and 1.0 m (3.3 ft) above the ground surface, with the remaining

90 percent below 0.02 m (0. 079 ft), unless disturbed by a vehicle moving

through the storm.

When the wind speed decreases below 10 m sec -1 ( 19.4 knots}, the

sand grains will be distributed over a smaller distance above the ground sur-

face; while a steady-state wind speed below 5 m sec -1 ( 9. 7 knots} will not be

sufficient to set the grains of sand in motion.

As the wind speed increases above 10 m sec -1 ( 19.4 knots}, the sand

grains will be distributed over higher and higher distances above the ground
surface.

b. Dust. For a wind speed of 10m sec -1 (19.4 knots} at3 m (9.9ft)

above surface, and relative humidity of 30 percent or less, there will be 6 x 10 -s

g cm -s (3.7 x 10 -7 Ib ft -s) of dust suspended in the atmosphere. Distribution

will be uniform to about 200 m (656 ft) above the ground.
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6.3 Sand and Dust at Altitude.

Only small particles (less than 0.002 mm [0.000079 in.]) will be in the

atmosphere above 400 m (1312 ft)in the areas of interest. During actual flight,

the vehicle should pass through the region of maximum dust in such a short time

thatlittleorno abrasion can be expected.

6. 4 Snow and Hail at Surface.

Snow and hail can cause abrasion at Huntsville, River Transportation,

New Orleans, Wallops Test Range, and White Sands Missile Range areas.

Extreme values expected with reference to abrasion are as follows:

6. 4. 1 Snow Particles.

Snow particles will have a hardness of 2 to 4 ( Ref. 6.3) and a diameter

of 1.0ram (0.039in.) to 5.0mm(0.20in.). Awindspeedofl0m sec -i

(19 knots) at a minimum air temperature of -17. 8°C (0°F) should be con-

sidered for design calculations. At New Orleans a minimum air temperature t-
of -9.4" C ( 15* F) should be used.

6. 4. 2 Hail Particles.

Hail particles will have a hardness of 2 to 4 and a diameter of 5.0 mm

(0.20 in.) or greater. A wind speed of 10 m sec -1 (19 knots) at an air tem-

perature of 10.0" C (50" F) should be considered for design calculations.

6. 5 Snow and Hail at Altitude.

Snow and hail particles will have higher hardness values at higher altitudes.

The approximate hardness of snow and hail particles in reference to temperature

is given in Table 6. 2 (See paragraph 4. 4. 2 remarks).

TABLE 6.2 HARDNESS OF HAIL AND SNOW FOR ALL LOCATIONS

(°C)

0

-20

-40

-60

-80

Temperature
(°F)

32. 0

-4.0

-40.0

-76.0

-112.0

Relative Hardness

( Mohs' Scale)
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Althoughthe flight time of a vehicle through a cloud layer will be extremely

short, if the cloud layer contains a large concentration of moderate sized hail-

stones ( 25 mm [ 1 in. ] or larger) at temperatures below - 20.0 ° C (-4 ° F),

considerable damage may be expected (especially to antennas and other pro-

trusions) because of the kinetic energy of the hailstone at impact. Tests have

shown a definite relationship between the damage to aluminum aircraft wing

sections and the velocity of various sized hailstones. Equal dents (sufficient

to require repair) of 1 mm( 0. 039 in. ) in 75 S-T aluminum resulted from the

following impacts ( Ref. 6.4) :

a. A 19-mm (0.75 in.) ice sphere at 190 m sec -1 (369 knots).

b. A 32-mm (1.25 in. ) ice sphere at 130 m sec -1 (253 knots).

c. A 48-ram (1.88 in. ) ice sphere at 90 m sec -1 ( 175 knots).

6.6 Raindrops.

With the advent of high-speed aircraft a new phenomenon has been encoun-

tered in the erosion of paint coatings, of structural plastic components, and even

of metallic parts by the impingement of raindrops on surfaces. The damage may

be severe enough to affect the performance of a space vehicle. Tests conducted

by the British Ministry of Aviation (Ref. 6.1) have resulted in a table of rates of

erosion for various materials and coatings. These materials and coatings were
tested at speeds of 220 m sec -1 (428 knots). Sufficient data are not available to

present any specific extreme values for use in design, but results of the tests

indicate that materials used should be carefully considered and weather conditions

evaluated prior to launch.

!--
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SECTION VII. ATMOSPHERIC PRESSURE (SURFACE_

By

Glenn E. Daniels

7. 1 Definition

Atmospheric pressure (also called barometric pressure) is the force

exerted as a consequence of gravitational attraction, by the mass of the

column of air of unit cross section lying directly above the area in question.

It is expressed as a force per unit area.

7.2 Pressure

The total variation of pressure from day to day is relatively small.

Rapid but slightly greater variations occur as the result of the passage of

frontal systems, while the passage of a hurricane can cause somewhat larger,

but still not significant changes for pressure environment design of space

vehicles. Surface pressure extremes for various locations and their extreme

ranges are given in Table 7. 1. These data use the results of a study of
pressure extremes (Ref. 7. 1 and Section XV).

7.3 Pressure Chanse

a. A gradual rise or faLL in pressure of 3 mb (0. 04 [b in. -2) and then

a return to original pressure can be expected over a 24-hour period.

b. A maximum pressure change (frontal passage change) of 6 mb

(0. 09 lb in.-z) (rise or fall) canbe expected within a 1-hour period at all

localities.

7. 4 Data on pressure distribution with altitude are given in Section XIV.
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SECTION VIII. ATMOSPHERIC DENSITY (SURFACE)

8.1

By

Glenn E. Daniels

8. 1 Definition.

Density is the ratio of the mass of a substance to its volume. (It also

is defined as the reciprocal of specific volume. ) Density is usually expressed
in grams or kilograms per cubic centimeter or cubic meter.

8. 2 Atmospheric Density

The variation of the density of the atmosphere at tlie surface from the

average for any one station, and between the areas of interest, is sm_tt and

should have no important effect on preflight operations. Table 8. 1 gives the

median density at the surface for the five test ranges.

TABLE 8. 1 MEDIAN SURFACE* DENSITIES

Area

Eastern Test Range

Vandenberg AFB

White Sands Missile

Range

Wallops Test Range

Edwards AFB

Surface

Altitude

m

5

61

1219

2

706

Source

of Data

(Ref. 8. 1)

(Ref. 8. 2)

(Ref. 8. 3)

(Ref. 8.4)

(Ref. 8.5)

Density

1.1835

1.2267

1.049

1.232O

1.1244

lb ft -3

7. 388 x 10 -2

7. 658 x 10 -2

6.549 x 10 -2

7.691 x 10-2

7. 020 × 10-2

8. 3 Data on density distribution with altitude are given in Section XIV.

* At station elevation above mean sea level.
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SECTION IX. ATMOSPHERIC ELECTRICITY

9.1

By

Glenn E. Daniels

9. 1 Introduction

Atmospheric electricity must be considered in the design,

transportation, and operation of aerospace vehicles. The effect of the atmos-

phere as an insulator and conductor of high voltage electricity, at various

atmospheric pressures, must also be considered. Aerospace vehicles not

adequately protected can be damaged by (1) a direct lightning stroke to the

vehicle while on the ground or after launch, (2) current induced in the vehicle

from the transport of charge by nearby lightning, and (3) a Large buildup of

the atmospheric potential gradient near the ground as a result of charged

clouds nearby. ALso, high voltage systems aboard the vehicle which are not

properly designed can arc or break down at Low atmospheric pressures.

The vehicle can be protected by (1) insuring that all metallic sections

are connected electrically bonded so that the current flow from a lightning

stroke is conducted over the skin without any gaps where sparking would occur

or current would be carried inside [MIL-B-5087B (ASG), October 15, 1964,

and Later amendments (Ref. 9. 1) give requirements for electrical bonding] ;

(2) protecting objects on the ground, such as buildings, by a system of

lightning rods and wires over the outside to carry the lightning stroke to the

ground; (3) providing a zone of protection (as shown in Reference 9. 2 for the

lightning protection plan for Saturn Launch Complex 39) ; (4) providing pro-

tection devices in critical circuits (Ref. 5. 3) ; (5) using systems which have

no single failure mode [the Saturn V launch vehicle uses triple redundant

circuitry on the auto-abort system, which requires two out of the three signals

to be correct before abort is initiated (Ref. 9.4) ; (6) appropriate shield-

ing of units sensitive to electromagnetic radiation; and (7) for horizontally

flying vehicles, avoidance of potentially hazardous thunderstorm areas by

proper flight planning and flight operations. Reference 9.4A has an excel-
Lent discussion on areas in thunderstorms that are potentially dangerous

fnr lightningdischarges.

If lightning should strike a vehicle ready for test or flight, or a large

metallic object nearby such as the test stand or gantry, sufficient system

checks should be made to insure that all electronic components and subsystems
of the vehicle are functional.
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9.2 Thunderstorm Electricity

On a day without clouds, the potential gradient in the atmosphere

near the surface of the earth is relatively low (< 300 V/,_), but when clouds

build up, the potential gradient near the surface of the earth will increase. If

the clouds become large enough to have water droplets of sufficient size to

produce rain, the atmospheric potential gradient may be sufficient to result

in a lightning discharge which would require gradients of greater than
500 000 V/m.

9.2.1 Potential Gradient

The earth-ionospheric system can be considered as a large

capacitor: the earth's surface as one plate, the ionosphere the other plate,

and the atmosphere the dielectric. The earth is negatively charged.

9.2.1.1 Fair-Weather 1 Potential Gradients

The fair-weather electrical field intensity (the negative of

the electrical gradient) measured near the ground is on the order of 100 to

300 V/m and is negative; i.e., the earth is negatively charged and the atmos-

phere above the earth is positively charged. The fair-weather value of 100 to

300 V/m will vary somewhat in time at a specific location and will also be

somewhat different at various locations. These variations in fair weather will

be caused by the amount of particulate matter in the atmosphere (dust, salt

particles, etc. ), atmospheric humidity, and instrument location and exposure

(Ref. 9. 5). The fair-weather potential gradient decreases with altitude,

reaching a value near zero at 10 kilometers. This fair-weather potential

gradient over a 100-meter high vehicle could result in a 10 000-volt, or

greater, potential difference between the air near the ground and the air

around the vehicle top.

9.2.1.2 Potential Gradients With Clouds

When clouds develop, the potential gradient at the ground increases.

Because of the increased potential gradient on days when scattered cumulus

type clouds occur, severe shock may result from charges carried down metal

cables connected to captive balloons. Similar induced charges on home tele-

vision antenas have been great enough to explode fine wire coils in antenna

circuits in television sets. Damage to equipment connected to wires and

antennas can be reduced or prevented with lightning arresters with air gaps

. The term '_air-weather" is used to mean without clouds. "Fine-weather"

is also used in speaking about atmospheric electricity.
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close enoughto discharge the current before the voltage reaches values high
enoughto damagethe equipment.

9.2.1.3 Potential Gradients During Thunderstorms

If the cloud development reaches the cumulonimbus state,

lightning discharges result when the potential gradient at some lecation reaches

a value equal to the critical breakdown value of air. Laboratory data indicate

this value to be as much as 10 e V/m at standard sea-level atmospheric pres-
sure. Electrical fields measured at the surface of the earth are much Less

than 10 6 V/m during lightning discharges because of several effects: (1) Most

clouds have centers of both polarities which tend to neutralize values measured

at the surface. (2) Each charge in the atmosphere and its image within the

earth comprise an electrical dipole, and the intensity of the electrical field

decreases with the cube of the distance to the dipole. (3) The atmospheric

electric field measured over land at the surface is limited by discharge cur-

rents arising from grounded points, such as grass, trees, and other structures,

which ionize the air around the points, thus producing screen space charges.
For these reasons, the measured electrical field at the surface is never more

than about 15 x 10 3 V/re. The potential gradient values indicated by measuring

equipment at the surface will show high values when the charged cloud is

directly overhead. As the distance to the charged center of the cloud becomes

greater, the readings of the measuring equipment become lower, reaching

zero at some distance from the cloud, and then change to the opposite sign at

greater distances from the cloud (Refs. 9.1 and 9. 5_.

9.2.1.4 Corona Discharge

As the atmospheric potential gradient increases, the air sur-

rounding exposed sharp points becomes ionized by corona discharge. The

induced charge from a nearby lightning stroke may aid such a discharge. The

corona discharge may be quite se,/ere when lightning storms or large cumulus
cloud developments are within about 16 kilometers (10 mi) of the launch pad.

9.2.2 Characteristics of Lightning Discharges

The lightning discharge to ground which appears to the eye as a

single flash is usually made up of three or four strokes. These strokes are

preceeded by a leader stroke of lesser intensity. A summary of the charac-

teristics of various types of lightning discharges are given in Table 9. 1.
(Refs. 9. 6 and 9.7).
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9.2.2.1 Lightning Characteristics for Design

Basedon the latest information (Table 9. 1), the following is a
summary of lightning characteristics that should be considered in design:

1. On the launch pad or during ground transportation:

a. An average peak current of 20 000 amperes can be
expected. The peak current flow is often reached 6 microseconds after start

of stroke, with a fall to one-half the peak value in 24 microseconds. A total

flash charge of 5 coulombs is transmitted to the earth with 90 percent of the
current flow, after the initiation of the first stroke. Additional strokes will

have about the same currents, with the peaks of the currents at 10-miUisocond
intervals.

b. The maximum peak current will not be gre_ter than
100 000 amperes in 98 percent of the strokes. This peak current flow is

reached in 10 microseconds after start of the stroke, and the current then

falls to one-half the peak value in 20 microseconds. A total stroke charge of

20 coulombs is transmitted to the earth, with 95 percent of the current flow,

after the initiation of the first stroke, at less than 5000 amperes.

2. Inflight triggered lightning:

The space vehicle while in flight should be capable of with-

standing an electrical discharge from triggered lightning. The characteristic

of such a discharge is expected to be an average peak current of about
20 000 amperes. The peak current flow is reached in 6 microseconds after

the start of the stroke, with a fall to one-half the peak value in 24 micro-

seconds. After the current drops to 185 amperes, it will remain close to that

level for at least 175 milliseconds ( 17 500/_ sec) before falling to zero. There

will be only one stroke in the discharge called a long-continuing-current dis-
charge (Refs. 9.1, 9.4, 9.6, 9.7, and 9. 8).

9.2.2.2 Surges From a Lightning Discharge

If an electrical line, antenna, or other metallic object is struck

by a lightning discharge there will be a surge of current through the object.
If the object is grounded and is of sufficient size, then characteristic currents

equal to the current in the lightning discharge (subsection 9.2.2) will be con-

ducted through the object to ground. If the object is not grounded then the

current flow will be less in relation to the resistance of the object and the
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ground. Metallic objects whose cross sections are too small to carry the

current from a lightning stroke may be melted or vaporized. •

9.2.2.3 Ground Current

When lightning strikes an object the current will flow through

a path to the true earth ground. The voltage drop along this path may be great

enough over short distances to be dangerous to personnel and equipment
(Ref. 9. 27. Cattle and humans have been electrocuted from the current flow

through the ground and the voltage potential between their feet while standing

under a tree struck by lightning.

9.2.2.4 Radio Interference

When ap electrical charge produces a spark between two points,

electromagnetic radiation is emitted. This discharge is not limited to a

narrow band of frequencies but covers most of the electromagnetic radiation

spectrum with various intensities. Most static heard in radio reception is

related to electrical discharges, with lightning strokes contributing a large

percentage of the interference. This interference from lightning strokes is

propagated through the atmosphere in accordance with laws valid for ordinary

radio transmission and may travel great distances. With the transmission

of interference from lightning strokes over great distances, certain frequencies

remain prominent, with those near 30 kilohertz being the major frequencies.

Interference with telemetering and guidance needs to be considered only when

thunderstorms are occurring within 100 kilometers (60 mi) of the space
vehicle launch site. Thunderstorm locations can be obtained from meteorolo-

gists providing operational support for the vehicle launch.

9.2.3" Frequency of Occurrence of Thunderstorms

According to standard United States weather observing a

thunderstorm is reported whenever thunder is heard at the station. It is

•reported along with other atmospheric phenomena on the standard weather
observer's form WBAN-10 when thunder is heard and ends 15 minutes after

thunder is last heard. This type of reporting of thunderstorms may contain

a report of one or more thunderstorms during a period. For this reason,

these types of observations will be referred to as '_thunderstorm events,"

i. e., a period during which one or more thunderstorms is reported (heard).

Because of the method of reporting thunderstorms, most analyses of tlmnder-

storm data are based on the number of days per year in which thunder is heard

one or more times on a day, i.e., "thunderstorm days. " A detailed study on

frequencies of thunderstorms occurring in the Cape Kennedy area have been

made (Ref. 9. 91.
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9.2.3.1 Thunderstorm Daysper Year (Isoceraunic Level) _-

The frequency of occurrence of thunderstorm days is an approxi-

mate guide to the probability of lightning strokes to earth in a given area. The

number of thunderstorm days per year is called the "isoceraunic level. " A

direct lightning stroke is possible at all locations of interest, but the frequency
of such an occurrence varies between the locations (Table 9. 2 and Refs. 9. 2,

9. 3, and 9. 10).

9.2.3.2 Thunderstorm Occurrence per Day

In a study made using the WBAN-10 data, which reports a

thunderstorm when thunder is heard (Ref. 9. 9), the frequencies were com-

puted on the number of days which had 0, 1, 2, . . . , thunderstorms reported,

i. e., none or more '_understorm events. " Tables 9. 3 and 9. 4 (Ref. 9. 9)

give this information.

9.2.3.3 Thunderstorm Hits

There were sufficient data for the summer months (June-

August) at Cape Kennedy to make an analysis of the frequency of occurrence
of thunderstorm hits as:

1. A thunderstorm actually reported overhead.

2. A thunderstorm first reported in a sector and last reported

in the opposite sector, if it is assumed that thunderstorms move in straight

lines over small areas. Tables 9. 5 and 9. 6 (Ref. 9. 3) list this information.

9.2.3.4 Hourly Distribution of Thunderstorms

Figure 9. 1 presents the empirical probability that a thunder-

storm will occur in the Cape Kennedy area at each hour of the day during each

month. The highest frequency of thunderstorms (24 percent) is at 1600 EST

in July. A thunderstorm is reported by standard observational practice if

thunder is heard, which it can be over a radius of approximately 25 kilometers.

Thus, the statistics presented in Figure 9. 1 are not necessarily the probability

that a thunderstorm will 'Bit," for example, a vehicle on the launch pad,.or

occur at a given location on Cape Kennedy.

2. Also spelled isokeraunic.



9.8

_>

<

U3

U3

U3

0

0
Z

o

8
!

0
!

Z

<

_ _ ._ _ .,_. _. _ ......

o

o o



9.9



9.10

TABLE 9.5 FREQUENCIES OF THE OBSERVED NUMBER OF DAYS THAT

EXPERIENCED x THUNDERSTORM HITS AT CAPE KENNEDY FOR THE

II-YEAR PERIOD OF RECORD JANUARY 1957 THROUGH DECEMBER 1987

x June July August Summer

0

1

2

3

4 or more

293

27

5

3

2

3O5

24

6

3

3

300

30

7

2

2

898

81

18

8

7

Total 330 341 341 1012

TABLE 9.6 RELATIVE FREQUENCY OF DAYS THAT EXPERIENCED

AT LEAST ONE THUNDERSTORM HIT AT CAPE KENNEDY

June July August Summer

0.112 0.106 0.121 0.113

JAN

FEO

IJAI!

APE

_JU,Y

JUNE

JULY

AUG

SEPT

OCT

NOV

DEC

Hew, EST

00 01 02 03 04 0S ni _ m 09 10 II 12 13 14 IS 16 17 IS 19 20 21 ?.2 2.3
1 I I I i ! I i ! ! 1 i I ! ! I 1 1 I ! ! i I 1

i , I i l I i I i I I i I i i i l I i i I I I

FIGURE 9.1 PROBABILITY (%) OF OCCURRENCE OF THUNDERSTORMS

BY MONTHS VERSUS TIME OF DAY IN THE CAPE KENNEDY AREA



9.2.4 Frequency of Lightning Strokes to Earth

9.11

Although reliable representative data concerning the number of

thunderstorms actually passing over Cape Kennedy (or the launch site) are

available, the data have not been directly related to the number of lightning

strokes to the launch pad. But in another study (Ref. 9. 2) it was determined

that if the isoceraunic level is multiplied by 0. 23 an estimate of the stroke

frequency to the earth per square mile can be obtained. For the 0. 32-square

kilometer (0. 2-mi 2) launch area of the Launch Complex 39 at Kennedy Space

Center there are an estimated four strokes per year or nearly one stroke for

the month of August. The probable number of strokes per year to buildings

of different heights increases with height, as shown in Table 9. 7 (Ref. 9. 2).

TABLE 9. 7 ESTIMATE OF THE NUMBER OF LIGHTNING STROKES

PER YEAR FOR VARIOUS HEIGHTS FOR CAPE KENNEDY

Height

(m)

30. 5

61.0

91.4

121.9

152.4

182.9

213.4

(ft)

100

2OO

3OO

4OO

5OO

6OO

70O

Number of Lightning

Strokes per Year

0.4

l, 1
2.3

3.5

4_4

5.3

5.8

9.3 Static Electricity

A static electric charge may accumulate on an object from its

motion through an atmosphere containing r .ai_rops, ice particles, or dust.

A stationary object, if not grounded, can also accumulate a charge from wind-

borne particles (often as nuclei too small to be visible) or rain or snow

particles striking the object. This charge can build up until the local electric

field at the point of sharpest curvature exceeds the breakdown field. The

quantity of maximum charge will depend on the size and shape of the object

(especially if sharp points are on the object). Methods of calculating this

charge are given in Reference 9.6.
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If a charge builds up on an ungrounded vehicle on a launch pad, any

discharges which occur could igniteexplosive gases or fuels, interfere with

radio communications or telemetry data, or cause severe shocks to persons.

Static electric charges occur more frequently during periods of low humidity
and can be expected at all geographical areas.

9.4 Electrical Breakdown of the Atmosphere

The atmosphere of the earth at normal sea-level pressure
(101 325 N/m s) is an excellent insulator, having a resistance greater than

10 le ohms for a column one square centimeter in cross section and one meter

long. When there is a charge in the atmosphere, ionization takes place, thus

increasing the conductivity of the air. This charge can be from either cloud

buildups or electrical equipment. If the voltage is increased sufficiently, the

ionization will be high enough for a spark discharge to occur.

The breakdown voltage (voltage required for a spark to jump a gap) for

direct current is a function of atmospheric pressure. The breakdown voltage

decreases with altitude until a minimum is reached of 327 V/ram at an atmosphere

pressure of 760 N/m s (7. 6 mb), representing an altitude of 33. 3 kilometer.

Above and below this altitude, the breakdown voltage increases rapidly

(Ref. 9. 11), being several thousand volts per millimeter at normal atmos-

pheric pressure (Figure 9. 2).

The breakdown voltage is also a function of frequency of an alternating

current. With an increase of frequency the breakdown voltage decreases.
A more complete discussion can be found in NASA SP-208 (Ref. 9. 12).

Several measures can be taken to prevent arcing of high voltage in
equipment:

i. Have equipment voltages off at the time the space vehicle is

going through the critical atmospheric pressures. Any high-voltage capacitors

should have bleeding resistors to prevent high-voltage charges remaining in
the capacitors.

2. Eliminate all sharp points and allow sufficient space between
high-voltage circuits.

3. Seal high-voltage circuits in containers at normal sea-level

pressures.

4. Have materials available to protect, with proper use, against
high-voltage arcing by potting circuits.
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SECTION X. ATMOSPHERIC CORROSION

By

Glenn E. Daniels

10. 1 Introduction.

The atmosphere near the ocean will cause corrosion of exposed

metals. Wind moving over breaking sea waves will pick up small droplets of

salt water. These droplets are small enough to remain suspended in the air.

Some will evaporate and leave tiny particles of salt in the air. When these

droplets and particles accumulate on surfaces and dry, a film of salt remains

on the surface. The efficiency of an optical surface coated with this salt film

will be considerably reduced over periods of time. When the relative humidity

is near saturation, or when light rain or drizzle occurs, the salt on the surface

will absorb water and form a highly conductive solution. Corrosion by electro-

lytic action can result when two dissimilar metals are involved, and corrosion

of a single metal can occur when the solution can react chemically. This

solution can provide a conductive electrical path and short electrical equipment.

10.2 Corrosion.

The amount of corrosion is a function of several factors. Among the most

important factors are (Ref. 10.1) :

a. The distance of the exposed site from the ocean.

b. The length of time the humidity is high -- the longer a material is wet,
the more the corrosion.

c. Air temperature.

d. The corrosion rate varies with elevation above sea level.

e. Corrosion is dependent on exposure direction, shelter around or near

the material, and the direction and magnitude of the prevailing winds.
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10.2. 1 Laboratory Salt Spray Tests.

Methods have been devised to simulate the effects of salt spray in the

laboratory. The following procedures have been taken from MIL-STD-810,

Method 509 (Ref. 10.2), (Federal Test Method Standard No. 151; Method 811
has slight differences) :

a. A salt solution is formed under the following conditions:

(1) Five percent sodium chloride in distilled water.

(2) pH between 6. 5 and 7.2 and specific gravity from 1. 027 to

1. 041 when measured at a temperature between 33. 3° and 36. 1° C ( 92 ° and 97 ° F).

b. An air temperature of 35.0 ° C (95 ° F) is maintained in the test"
chamber.

c. The salt solution is atomized and applied so that 0. 5 to 3. 0

milliliters (0. 015 to 0. 10 fluid ounces) of solution will collect over an 80-

square-centimeter ( 12.4 square in. ) horizontal area in t hour.

d. The time of exposure of the test will vary with the material being
evaluated.

Increasing the salt concentration will not accelerate the test.

Acceptance of the laboratory tests as an exact representation of the

corrosion which will occur at a specific site may result in erroneous conclusions.

• In any area where corrosion by the atmosphere can be an important

factor, on-_e-spot tests are needed. A test such as "Sample's wire-on-bolt
test " (Ref. 10. 3) should be conducted on the site, with tests made at various

heights above the ground.

Protection from salt spray corrosion will be required in the
following areas:

(1) New Orleans

(2) Gulf Transportation

(3) Eastern Test Range
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(4) Panama Canal Transportation

(5) Space and Missile Test Center

(6) West Coast Transportation

(7) Sacramento

(8) Wallops Test Range

10. 30bscuration of Optical Surfaces.

The accumulation of salt on exposed surfaces is greatest during onshore

winds when many waves are breaking and forming white caps. Extremes

expected are as follows (Ref. 10. 4):

a. Particle size: Range from 0. 1 to 20 microns, with 98 percent of the

total mass greater than 0.8 microns.

b. Distribution is uniform above 3048 meters ( 10 000 ft), but below
cloud levels.

c. Fallout of salt particles at Eastern Test Range:

(1) Maximum: 5. 0 x 10 -? g cm -2 day -1, to produce a coating on an

exposed surface of 100 microns day -1. This extreme occurs during precipitation.

(2) Minimum: 2.5 × I0-a g cm -2 day -I, to produce a coating on

an exposed surface averaging 5 microns day -i. This falloutoccurs continuously

during periods of no precipitation,and is independent of wind direction. This

coating will not usually be of uniform thickness, but be spots of saltparticles

unevenly distributedover the opticalsurface.
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SECTION XI. FUNGI AND BACTERIA

By

Glenn E. Daniels

Fungi (including mold) and bacteria have the highest rate of growth at

temperatures between 20. 0e C ( 68° F) and 37.7 ° C ( 100 ° F) and relative humidities

between 75 and 95 percent (Refs. 11.1 and 11.2). Fungi and bacteria secrete

enzymes and acids during their growth. These secretions can destroy most

organic substances and many of their derivatives. Typical materials which will

support growth of fungi and bacteria and are damaged by them if not properly

protected are cotton, wood, linen, leather, paper, cork, hair, felt, lens-

coating material, paints, and metals. The four groups of fungi used in the
fungus-resistance tests for equipment are as follows:

Group Organism
American Type Cul-

ture Collection Number

I Chaetomuim globosum 6205

Myrothecium verrucaria 9095

II Memenialla echinata 9597

Aspergillus niger 6275

HI Aspergillus flavus 10836

Aspergillus terreus 10690

IV Penicillium citrinum 9849

Penicillium ochrochloron 9112

A suspension of mixed spores made from one species of fungus from

each group is sprayed on the equipment being tested in a test chamber. The

equipment is then left for 28 days in the test chamber at a temperature of

30" ± 2 ° C ( 86 ° _- 3. 6" F) and relative humidity of 95 * 5 percent.

Equipment is usually protected from fungi and bacteria by incorporating

a fungicide-bactericide in the material, by a fungicide-bactericide spray, or by

reducing the relative humidity to a degree where growth will not take place. A



11.2

unique method used in the Canal Zone to protect delicate, expensive bearings in

equipment was to maintain a pressure (with dry air or nitrogen) slightly above

the outside atmosphere (few millibars) within the working parts of the equipment,
thus preventing fungi from entering equipment.

Proper fungus- and bacteria-proofing measures are required at the

following areas:

(1) River Transportation

(2) New Orleans

(3) Gulf Transportation

(4) Panama Canal Transportation

(5) Eastern Test Range
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SECTION XH. ATMOSPHERIC OXIDANTS

By

Glean E. Daniels

12.1 Introduction.

Air pollution at the earth's surface has received considerable publicity

in recent years because the pollutants reduce visibility, cause damage to crops,

irritate the eyes, and have an objectional odor. The ingredients which cause the

air pollution are a mixture of oxides of organic matter (mostly nitrogen oxides and
hydrocarbons) and ozone. In the Los Angeles area, the mixing of the organic

oxides, ozone, and water droplets forms the well known smog. Ozone, although

considered one of the rare atmospheric gases, needs consideration in design

becausd of its chemical reaction (oxidation) with organic materials, especially

rubber, which becomes hard and brittle under tension in a few minutes time. The

presence in smog of strong oxidizing agents closely resembling ozone in their

action on organic compounds leads one to believe that ozone exists in smog in

greater quantities than in the normal atmosphere.

12.2 Ozone.

Ozone, in high concentrations, is explosive and poisonous. One hundred

(100) parts per hundred million (phm) of ozone is toxic to man sufficient to

cause death. The use of the atmosphere at high altitudes for breathing by pres-

surizing, requires removal of the ozone. Ozone may be formed in high con-
centrations by short wavelength ultraviolet light (below 2537A), or by the arcing

or discharge of electrical currents. A motor or generator with arcing brushes
is an excellent source of ozone. The natural ozone concentration at the earth's

surface is normally less than 3 parts per hundred million (phm), except during

periods of intense smog, where itmay exceed 5 phm. Ozone concentration

increases with altitude,with the maximum concentration of Ii00 parts per

hundred million being at about 30 km (98,000 ft).

Maximum expected values of natural atmospheric ozone, for purposes of

design studies, are as follows: (a) surface, at all areas, a maximum con-

centration of 3 phm except during smog, when the maximum will be 6 phm, and

(b) maximum concentration, with altitude, is given in Table 12.1 (Ref. 12.1).
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TABLE 12.1 DISTRIBUTION OF MAXIMUM DESIGN VALUES OF

OZONE CONCENTRATION WITH ALTITUDE

FOR A LL LOCATIONS

(tun)

SRF*

9.1

t5.2

21.3

27.4

33. 5

39.6

45.7

Geometric

Altitude

(ft)

SRF*

30,000

50,000

70,000

90,000

110,000

130,000

150,000

Ozone

(parts per hundred million)

6

3O

20O

7OO

1100

1100

6OO

4OO

O zone

Concentration

(cm/lan)

O. OO6

0. 010

0. 030

0. 040

0. 024

0. 009

0. 002

0. 0005

* SRF - Surface

12.3 Atmospheric Oxidants.

At the surface, a maximum of 60 parts per hundred million of oxidants

composed of nitrogen oxides, hydrocarbons, sulphur dioxidel sulphur trioxides,

peroxides, and ozone can be expected for 72 hours when smog occurs. The

effect of these oxidants on rubber cracking and in some chemical reactions will

be equivalent to 22 parts per hundred million of ozone, but not necessarily equiv-

alent to this concentration of ozone in other reactions (Ref. 12.2).
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SECTION XIII. ATMOSPHERIC COMPOSITION

By

Glenn E. Daniels

13.1 Composition.

The earth's atmosphere is made up of a number of gases in different

relative amounts. Near sea level and up to about 90 km, the amount of these

atmospheric gases in clean, relatively dry air is practically constant. Foar of

these gases, nitrogen, oxygen, argon, and carbon dioxide, make up 99.99

percent by volume of the atmosphere. Two gases, ozone and water vapor,

change in relative amounts, but the total amount of these two is very small
compared to the amount of the other gases.

The atmospheric composition shown in Table 13.1 can be considered

valid up to 90 km geometric altitude. Above 90 km, mainly because of molec-

ular dissociation and diffusive separation, the composition changes from that

shown in Table 13.1. Reference is made to the Space Environment Criteria

Guidelines document (Ref. 13.2) for additional information on composition
above 90 km.

13.2 Molecular Weight.

The atmospheric composition shown in Table 13. 1 gives a molecular

weight of 28. 9644 for dry air (Ref. 13.1). This value of molecular weight can
be used as constant up to 90 kin, and is equivalent to the value 28. 966 on the

basis of a molecular weight of 16 for oxygen.

The molecular weight of the atmosphere with relation to height is shown
in Table 13.2.
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TABLE 13.1 NORMAL ATMOSPHERIC COMPOSITION FOR CLEAN,
DRY AIR AT ALL LOCATIONS

(VALID TO 90 KILOMETERS GEOMETRIC ALTITUDE)

Gas Percent by Volume Percent by Weight*

Nitrogen (N 2)

Oxygen ( 02)

Argon (Ar)

Carbon dioxide ( CO 2)

Neon (Ne)

Helium (He)

Krypton (Kr)

Xenon (Xe)

Hydrogen (H2)

Methane (CH4)

Nitrous Oxide (N20)

Ozone (O 8) summer

winter

Sulfur dioxide ( SO 2)

Nitrogen dioxide (NO2)

Ammonia (NH_)

Carbon monoxide (CO)

Iodine (12)

78. 084

20. 9476

O. 934

O. 0314

1. 818 x 10 -3

5. 24 x 10 -4

1. 14 x 10 -4

8.7 x 10 -6

5 x 10 -5

2 x 10 -4

5 x 10 -5

0 to 7 x 10 -6

0 to 2 x 10 -6

0 to 1 x 10-4

0 to 2 x 10 -6

0 to trace

0 to trace

0 to 1 x 10-6

75. 520

23. 142

i.288

O.048

i.27 x 10-3

7.24 x 10-5

3. 30 x 10 -4

3. 9 x 10-5

3x 10 -6

1 x 10 -4

8 x 10-5

Oto i.I x I0-s

0 to 3 x 10 -6

0 to 2 x 10-4

0 to 3 x 10-6

0 to trace

0 to trace

0 to 9 x 10-6

*On basis of Carbon 12 isotope scale for which C 12 = 12. 000, as adopted by the

International Union of Pure and Applied Chemistry meeting, Montreal, in 1961.
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TABLE 13. 2 MOLECULAR WEIGHT OF THE ATMOSPHERE

FOR ALL LOCATIONS"

Geometric Altitude

(km) (ft)

SRF*

to

90

SRF*

to

295,000

Molecular Weight

28.9644

28.9644

* SRF - Surface
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SECTION XIV. INFLIGHT THERMODYNAMIC PROPERTIES

By

Orvel E. Smith, S. Clark Brown, Glenn E. Daniels, and Dale L. Johnson

14. I Introduction

This section presents the inflight thermodynamic parameters
(temperature, pressure, and density) of the atmosphere. Mean and extreme

values of the thermodynamic parameters given here can be used in application

of many aerospace problems, such as (1) research planning ,rid engineering
design of remote earth sensing systems; (2) vehicle design and development;

and (3) vehicle trajectory analysis, dealing with vehicle thrust, dynamic

pressure, aerodynamic drag, aerodynamic heating, vibration, structural and

guidance limitations, and reentry lifting body analysis. Atmospheric density

plays a very important role in most of the above problems. The first part of

this section gives median and extreme values of these thermodynamic variables

with respect to altitude. An approach is presented for temperature, pressure,
and density as independent variables, with a method to obtain simultaneous

values of these variables at discrete altitude levels. A subsection on reentry

is presented, giving atmospheric models to be used for reentry heating,

trajectory, etc., analysis. Various parts of Section XIV have been updated

since the last revision of this document (Ref. 14. 1).

Standard day is a term used by some engineers to mean the U. S.

Standard Atmosphere, 1962 (Ref. 14. 2). This term means a Standard Atmos-

phere Day and at sea level is a pressure of 1013. 25 mb, a temperature of

288. 15 ° K, and a density of 1. 2250 kgm -s.

14. 2 Temperature

14.2.1 Air Temperature at Altitude

Median and extreme air temperatures for the following test

ranges were compiled from radiosonde frequency distributions of temperature

for the different ranges from 0 through 30 kilometers altitude. Meteorological

rocketsonde mean and extreme temperatures for the different ranges were
used above 30 kilometers altitude.
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a. Eastern Test Rangeair temperature values with altitude

are given in Table 14. 1 (Ref. 14. 3). (Radiosonde period of record was May

1950 to April 1960; rocketsonde period of record was April 1960 to January
1969. )

b. Space and Missile Test Center air temperature values with

altitude are given in Table 14. 2. (Radiosonde period of record was July 1959

to June 1964; rocketsonde period of record was May 1959 to October 1967. )

c. Wallops Test Range air temperature values with altitude

are given in Table 14. 3. (Radiosonde period of record was January 1951 to

October 1960; rocketsonde period of record was January 1960 to January 1968. )

d. White Sands Missile Range air temperature values with

altitude are given in Table 14. 4. (Radiosonde period of record was November

1951 to January 1960; rocketsonde period of record was July 1957 to January
1968. )

e. Edwards Air Force Base air temperature values with

altitude are given in Table 14. 5. (Radiosonde period of record was January

1956 to March 1967; rocketsonde period of record was May 1959 to October
1967. )

14.2.2 Compartment Extreme Cold Temperature

Extreme cold temperatures during aircraft flight, when com-

partments are not heated, are given in Table 14. 6.

14. 3 Atmospheric Pressure

14. 3. 1 Definition

Atmospheric pressure (also called barometric pressure) is the

force exerted, as a consequence of gravitational attraction, by the mass of the

column of air of unit cross section lying directly above the area in question.

It is expressed as force per unit area.

14.3.2 Pressure at Altitude

Atmospheric pressure extremes for all locations are given in

Table 14. 7. These data were taken from the radiosonde pressure frequency

distributions for the four test ranges. Rocketsonde pressure means and
extremes were used above 25 kilometers altitude.



TABLE 14. 1 EASTERN TEST RANGE AIR TEMPERATURES

AT VARIOUS ALTITUDES

14.3

Geometric

Altitude

(Van)

SRF (0. 005 MSL)
1

2

3
4

5

6

7
8

9

10

16.2
2O

30

35

4O

45
5O

55

6O

Minimum

(°C)
Median

(°F)

75

63

54

45
36

25

14
1

_/L_x1]IRtm

(° C) (" F)

37.2

2_. 8
21.1

16. 1

11.1
5.0

-1.1

-7. 2

-2. 2

-8. 9
-10. 0

-11.1

-13. 9

-20. 0

-26.1

-33. 9

(° F) (° C)

28 23. 9

16 17. 2

14 12. 2

12 7.2

7 2.2

-4 -3. 9
-15 -10. 0

-29 -17. 2

-13.9

-21.1

-30. 0

-57. 8

-47. 8

-30. 0
-14. 6

1.9

12.8

22. 0
18.9

17.0

-41.1 -42

-50.0 -58

-56. 1 -69

-80.0 -112
-76. 1 -105

-58. 9 -74

-47.4 -53

-36. 7 -34

-23. 0 -9

-18.2 -1

-34. 4 -30

-28.5 -19

_L

-25. 0 -13

-32. 2 -26

-40.0 -40

-7O. 0 -94

-62. 8 -81

-42. 2 -44

-30. 6 -23
-17. 4 1

-5. 2 23

-2. 2 28

-6. 0 21
-10. 2 14

a

99

82
70

61

52

41

30

19
7

-6

-22

-72

-54

-22

6
35

55

72

66
63

a. For higher altitudes see References 14. 3, 14. 4, 14. 5, and 14. 6(1).

TABLE 14.2 SPACE AND MISSILE TEST CENTER (Vandenberg AFB, California)
AIR TEMPERATURES AT VARIOUS ALTITUDES

Geometric
Altitude

(km)

SRF (0. 06 MSL)
1
2

3
4
5

6
7
8

9
10

16.3
2O
3O
4O
45
5O
55

6O

MIDtmtu_

(" C) (°"F)

-2.2 28
-3. 6 26
-7.0 19

-15. 2 5
-22. 6 -9
-29. 7 -22
-35. 6 =32
-43. 3 -46

-47. 4 -53

-51.3 -60
-57.0 =71
-76. 0 -105
-74. 9 -103

-63. 7 -83
-42. 2 -44

-30.5 -23
-18. 2 -1
-21.8 -7

-25. 1 -13

Medlan
(" C) (" F)

12.6
13.5
10. 1
4.7

-0. 9
-7. 2

-14. 4
-21.9

-29. 8
-36. 9
-44. 6

-6_, 1
-59. 5
-42. 5
-18. 0

-5. 2
-1.6
-3. 6
-6.0

a

(° C)

55 41.7
56 33. 4
50 28. 0
41 '_,7. 6
30 12. 1
19 3.3

6 -2. 7
-7 -9. 9

-22 -15. 9
-34 -26. 8
-48 -31.2
-83 -51.0
-75 -49. 0
-45 -29. 4

0 17.8

23 27. 6
29 28. 0
26 31.6
21 35. 7

l_[axlmttm

(" F)

107
92
82
64
54
38
27

; _4

3
-16
-24
-60
-56
-21

64
82
82
89
96

a. For higher altitudes see References 14. 4, 14. 5, 14. 6(6), and 14. 2.
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TABLE 14. 3 WALLOPS TEST RANGE AIR TEMPERATURES

AT VARIOUS ALTITUDES

• Geometric

Altitude

(kin)

SRF (0. 002MSL) -11.

1 -21.

2 -26.

3 -30.

4 -33.

5 -40.

6 -43.

7 -47.

8 -50.

9 -56.

10 -61.

16.5 -77.

20 -71.

30 -65.

40 -35.

45 -27.

50 -24.

55 -22.

Minimum Median

(°c) (° F) (°C) (°F) (°C)

55 39.4

50 31.1

41 22. 8

34 15. 0

25 7.8

14 2.8

1 -1.1

-11 -7.8

-26 -15.0

-38 -21.1

-49 -27.2

-8O -47.2

-71 -46. 1

-47 -27. 2

-1 5.8

23 14. 8

31 21.8

29 35. 0

7 11

1 -6

1 -15

0 -22

9 -29

0 -40

9 -47

8 -54

6 -59

i -69

i -78

8 -108

1 -96

0 -85

7 -32

7 -18

9 -13

6 -9

12.8

10.0

5.0

1.1

-3. 9

-10. 0

-17.2

-23. 9

-32. 2

-38. 9

-45. 0

-62. 2

-57.2

-43. 9

-18.2

-5. 2

-0.8

-1.7

a

Maximum

(° F)

103

88

73

59

46

37

30

18

5

-6

-17

-53

-51

-17

42

59

71

95

a. For higher altitudes see References 14. 4, 14. 5, 14.6(8), and 14. 2.

TABLE 14. 4 WHITE SANDS MISSILE RANGE AIR TEMPERATURES

AT VARIOUS ALTITUDES

Geometric
Altitude Minimum Median

(kin) ('C) (" F) (" C) (" F)

SRF ( 1.2 MSL)
2

3
4

5

6
7

8

-11.7 11
-11.7 11

-18. 9 -2

-23. 9 -11
-31.1 -24

-36. 1 -33
-42. 2 -44

-48. 9 -56

16. 1 61
12.8 55

6.i 43

O.0 32

-7.2 19

-13. 9 7

-20.0 -4

-30.0 -22
-37.2 -35

-42. 8 -45
-67.2 -89

-60. 0 -76

-42. 8 -45

-32. 3 -26

-18.5 -1

-5. 5 22
-2. 0 28
-4. 5 24

-10.0 14

-12.6 9

a

9

lO
16.5

20

30
35

40
45

50

55
60

65

-55. 0 -67

-60. 0 -76

-80.0 -112

-77.8 -108

-58.9 -74

-52. 2 -62

-41.8 -43
-30. 5 -23

-29.i -20

-28. 7 -20
-35. 8 -32

-36. 5 -34

a. For higher altitudes see References 14.4, 14.5, 14.6[2), and 14.2

Maximum

("C) (" F)

42. 8 109
31.1 88
22. 2 72

12. 8 55

6. 1 43
O. 0 32

-7.2 19

-13.9 7
-21. I -6

-27.2 -17
-47.8 -54

-52. 2 -62

-26. 1 -15
-7.8 18

5.0 41

19.6 67

25.9 79

"30.2 86
28.0 82

31.3 88
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TABLE 14. 5 EDWARDSAFB AIR TEMPERATURES AT VARIOUS ALTITUDES

Geometric

Altitude Minimum Median Maximum

(kin) (" C) (° F) (° C) (° F) (" C) (° F)

SRF (0. 7 MSL)

1

2

3

4

5

6

7

8

9

10

17.8

20

25

30

40

45

50

58

6O

-5.0

-6.0

_199

-16.9

-23. 4

-29. 7

-35. 2

-42. 0

-48. 9

-55. 0

-58. 8

-78.0

-73. 5

-73. 2

-66. 1

-42. 2

-30. 5

-18.2

-21.8

-25. 1

23 13. 5

21 15. 4

9 11.1

2 4.9

-10 -1.2

-21 -8. 0

-31 -15.3

56

60

52

41

3O

18

4

-44

-56

-67

-74

-108
-100

-100

-87

-44

-23
-1

-7

-13

-22* 4 -8

-30. 1 -22

-38. 0 -36

-45. 2 -49

-64. 4 -84

-61.1 -78

-52. 9 -63

-45. 8 -50

-18.0 0

-5. 2 23

-1.6 29

-3. 6 26

-6. 0 21

a

40.0 104

35. 3 96

26. 2 79

19.0 66

10. 7 51

5. 2 41

-2. 9 27

-12. 1 10

-17.4 1

-24.2 -12

-30.8 -23

-53. 0 -63

-49. 6 -57

-40. 4 -41

-29. 1 ,20

17.8 64

27.6 82

28. 0 82

31.6 89

35. 7 96

a. For hlKher altitudes see References 14.4, 14.5, 14.8(6), and 14.2.

TABLE 14. 6 COMPARTMENT DESIGN COLD TEMPERATURE

EXTREMES FOR ALL LOCATIONS

Maximum Flight Altitude (Geometric) Compartment Cold

of Aircraft Used for Transport Temperature Extreme

(m) (ft) (o C) (° F)

4 55O

6 100

7 6OO

9 150

15 200

15 000

20 000

25 000

30 000

50 000

-35. 0

-45. 0

-53. 3

-65. 0

-86. 1

-31

-49

-64

-85

-123

14. 4 Atmospheric Density

14. 4. 1 Definition

Density (p) is the ratio of the mass of a substance to its
volume. (It is also defined as the reciprocal of specific volume. ) Density

is usually expressed in grams or kilograms per cubic centimeter or cubic
meter.
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14.4.2 Atmospheric Density at Altitude

The density of the atmosphere decreasesrapidly with height,

decreasing to one-half that of the surface of 7 kilometers altitude. Density is

also variable at a fixed altitude, with the greatest relative variability occurring

at about 70 kilometers altitude in the high northern latitudes (60 ° N) for

altitude ranges up to 90 kilometers. Other altitudes of maximum density

variability occur around 16 kilometers and 0 kilometers. Altitudes of minimum

variability (isopycnic levels) occur around 8, 24, and 90 kilometers altitude.

Density varies with latitude in the northern hemisphere, with the mean

annual density near the surface increasing to the north. In the region around
8 kilometers, the density variation with latitude and season is small (isopycnic

level). Above 8 kilometers to about 28 kilometers, the mean annual density

decreases toward the north. Mean-monthly densities between 30 and 90

kilometers increase toward the north in July and toward the south in January.

Considerable data are now available on the mean density and its

variability below 30 kilometers at the various test ranges from the data col-

lected for preparation of the IRIG Range Reference Atmospheres (Ref. 14. 6).

Additional information on the seasonal variability of density below 30 kilometers

is presented in an article by J. W. Smith (Ref. 14. 7).

Above 30 kilometers, the data are less plentiful and the accuracy of the

temperature measurements (used to compute densities) becomes poorer with

altitude.

The median density and extreme minimum and maximum values for

the Eastern Test Range are given in Table 14. 8. These extreme density

values do approach the • 3 _ (corresponding to the normal distribution) density
values.

The maximum, minimum, and median densities for 2 kilometers and

above (Table t4. 8) can be used for all locations with an adjustment of the

surface median density by using the values given in Table 8. 1, Section VIII,
at station altitude.

The units for density (kg m-8 ) are consistent units with those given in

the Patrick Reference Atmosphere, 1963 Revision (PRA-63), included in

Table 14. 11 of this document. Density deviations were found as follows:

90 Deviation _o --
Pmax or min - PPRA-63

PPRA-63

x 100
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where

14.9

Ap = deviation of density from PRA-63

PPRA 63 = PRA-63 density = median density

,

P max or min given maximum or minimum densities.

14.5 Simultaneous Values of Temperature, Pressure, _nd Densit_
at Discrete Altitude Levels

14. 5. 1 Introduction

This subsection presents simultaneous values for temperature,

pressure, and density as guidelines for aerospace vehicle design considerations.

The necessary assumptions and the lack of sufficient statistical data sample

restrict the precision by which these data can presently be presented; there-

fore, the analysis is limited to Cape Kennedy. 1

14.5.2 Method of Determining Simultaneous Value

An aerospace vehicle design problem that often arises in con-

sidering natural environmental data is stated by way of the following question:

"How should the extremes (maxima and minima) of temperature, pressure,

and density be combined (a) at discrete altitude levels? (b) versus altitude?"

It would seem simple to work with only three variables with respect to

altitude that are connected by two physical equations, which are (1) the

equation of state and (2) the hydrostatic equation. However, it is these facts

that make rigorous statistical treatment of sample data impossible, and the

only recourse is to make empirical comparisons of results derived by
independent methods. The following discussion will be addressed to the first

question: '"rIow should extremes of three variables be combined?" Or,

stated in another way: "Given an extreme density, what values of tempera-

ture and pressure should be used simultaneously with the extreme density._'

The differentiation of the equation of state yields

dp = d__P_P dT
- ( 14.. 1)

p P T

Similar analysis for Vandenberg AFB (Space and Missile Test Center),
California, is currently being completed and will be made available
upon request.
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Equation (14. 1) holds only if the departures dp, dP, and dT are small

relative to their respective quantities. There is also a problem of how to treat
the ± deviations. What is needed is the correlation coefficients between these

variables. From basic statistical principles (Ref. 14. 8) a satisfactory set of

three equations can be derived to relate these three variables to each other.

These equations' are

= r(PT) - r(pT) (14.2)

: r(Pp) + -_- r(PT)
(14.S)

= r(Pp) - r(pT)
, (14. 4)

where

r ( ) = correlation coefficients between thermodynamic quantities

denoted in parenthesis

= standard deviation of the thermodynamic quantity denoted by

subscript.

As written, equations (14. 2), (14. 3), and (14. 4) represent population

parameters, and the underlying assumption is that the sample distribution is
normal (Gaussian). From private communications with Dr. BueU, 2 "it was

learned that in deriving these equations, second and higher order terms have

been neglected. An application of these equations was made to derive the

correlation Coefficients using the available statistics for Cape Kennedy. In

the development of the pole-to-pole cross sections for Reference 14. 9, the

means and standard deviations of temperature, pressure, and density were

computed for several stations, including Cape Kennedy. From these statistics

the sample estimates for

_T _P _2_
, _

T P ' p

were computed. These parameters are called coefficients of variation (CV).

Using the sample coefficients of variations as known quantities gives a

e Dr. C. Eugene Buell, Kaman Sciences Corporation, Colorado Springs,
Colorado.
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simultaneous solution of equations ( 14. 2), ( 14. 3), and ( 14. 4) to yield the

desired correlation coefficients, namely,

r(pp) = ( 14. 5a)

r(PT) =

2

(14.Sb)

T)
r(p T) = ( 14. 5c)

From equations (14. 5) the correlation coefficients were computed for

seasonal data samples at 1-kilometer intervals from 0 to 27 kilometers

altitude for Cape Kennedy and were compared with the correlation coefficients

that were derived by the standard statistical method for Cape Kennedy. The
maximum differences in the correlation coefficients for the two different

methods occurred at 0 kilometer altitude for r(PT) and r(Pp). These dif-

ferences were less than 0.08. At altitudes above 1 kilometer, the derived

correlation coefficients are almost identical to those computed by the standard
statistical method.

The values for the coefficient of variations and the derived correlation

coefficients r(Pp), r(PT), and r(pT) are illustrated in Figures 14. 1 and

14. 2, respectively, and are given in Table 14. 9. The density variability is a

minimum at the isopycnic levels near 8 and 90 kilometers altitude. The

correlation coefficient between pressure and density is also a minimum at the

isopycnic levels. Because of the meager data sample for statistical analysis
at altitudes above 30 kilometers, the coefficients of variation had to be

adjusted by making several trial computations to yield correlation coefficients

that were consistent with statistical theory. That is, the correlation coefficients

must lie between + 1. Even though no claim for accuracy can be made about the
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FIGURE 14. 1 COEFFICIENT OF VARIATION OF DENSITY, PRESSURE,
AND TEMPERATURE AT CAPE KENNEDY

resulting data, for the first time deviations for temperature, pressure, and
density from 0 to 90 kilometers altitude are consistent in terms of a statistical

method, and a procedure exists whereby departures from the mean values of

these quantities can be combined. As an example, suppose one desires to

know what temperature and pressure should be used simultaneously with a
maximum density at a discrete altitude. The solution would be to let the

mean density plus three standard deviations represent the maximum density.
From the foregoing equations it is seen that
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TABLE 14. 9 COEFFICIENTS OF VARIATION AND DISCRETE ALTITUDE

LEVEL CORRELATION COEFFICIENTS BETWEEN PRESSURE -

DENSITY r(Pp) ; PRESSURE - TEMPERATURE r(PT) ;

AND DENSITY - TEMPERATURE r(pT),
CAPE KENNEDY, ANNUAL

ALTI- COEFFICIENTS ()F VAIIIA'Ili)N
TUDE

ii

(kin) cr t°)/'P (_IP)/'F
(percent) (i)erccnt)

0

I

2

3

4
5

6

7

8
9

10

11
12

13
14

15

18
17

18
19

90
21

22

28

34
96

96
27

28

99
60

91
32

98
84

85

98

3"/
68

29

40
41

43
43

44
45

48
47

48
49

60
BI

62
58

H

99

a
67

58

5|
60

1. 9000 • 601H)

1• 7000 .5500

1. 5000 • 8000
1• 1800 • 9800

• 9700 • 8500
• 6000 • 8700

• 7400 .8400
• 8800 .9800

• 9000 1. 1300
1.1800 1. 4700

I. 6300 1. 7500

1• 8800 1. 8000
2. 1500 1. 8700

2• 9800 1. 9000

2. 6200 1. 9200
2. 7800 1. 8800

2. 8800 1. 8409
2, 8500 1• 8000

2. 7800 1• 7500

2• 5000 I • 7800

2. 2700 1. 8500

2• 0800 1• 9500
1. 9800 2. 1200
1• 9200 2. $209

1.9800 2. 6000

2. 000 2• 4300
2. 08O0 2. 5000

2• 1500 2.6000
2. 2900 2 6700

2. 3'700 2. 0300
2• 5200 2• 6300

2• 700O 2. 7000

2• 8800 2. 7600

3. 0700 2. 7300
3• 2700 2• 6800

3• 4800 2.
3• 7000 2• 5000

3.9200 2•3"/00

4.1200 2. 4600
4, 3300 2. 6400

4.8500 2•7900

4• 7600 2• 86O0

4. 9300 2. 9200

5.1900 3. 0000
S• 3200 3• 1800

6. 5000 3. 2400
5. 6/00 3• 3200

6• 8300 3• 4100
5• 9800 3. 4800

6• 1300 3• 8900
6. 2700 3. 6900

6. 4200 3• 6900
8• 6500 3. 9100

8• 7000 4. 0100
8• 8000 4. 6/00

8• 9300 4. 1400

7• 0600 4• 2100

7• 1500 4. 2800

7• 3700 4• 3600
7. 3700 4. 4200

7• 4700 4• 4800

(CV)

,,( 1")/?

(I_crct'nt)

1. 5000

I• 0ooo

1.59O0
1. 6700
1. 4000

1. 5400

i 1. 2600
1. 4200

i 1• 4700
1. 620o

1.7200

L 7800
1. 8500

1. 8500
1.7700

1.6700
I 1.7100

1.7000

1.7000

1. 0700

1• 6500
I 1. 6200

1• 5700

1. 4800
1• 4300

1. 4200
1• 5000

1. 5800
1.7500

1• 8700

1• 9200
2. 000

2• 0800
2. 1700

2. 2300

2. 3200
2, 4300

2.5800

2. 8300
2. 6900

2. 7680
3• 0200

3• 2000

3. 3400
3. 3500

3• 6000

3• 8300
3. 9800

4.1900
4, 1400

4•1900

4• 0800
4. 1800

4. 2700

4. 3100

4. 3700
4. 4200

4• 4700

4• 5100
4• 9400

4. 5900

CORREi,AI_ON COEFFICIENT_ (a

r(Pp)

(uniUuis)

• 6250

.3382

.1508

-0.0485

-0.1799
-0.2864

-0.2090
-0.1635

-0.0364

.2678

.4_40

•5328
•5841

.6470

.7373
•8107

.8262

.8338
•8036

.7449

.6969

.6786

.7087

.7721
•8032

•8116
,8006

•7948

•7591
•7249

•7228

•7297
•7279

•7260
•7361

•7454

.7987
•7793

•7947
.8084

_82:t0

•7968

.7712
•7850

•8037

.776/

.7571

.7489
•7284

•7572

.7644

.7964

.7990

.7955

.7990

.8010

•8043

• 8081
.8197
• 8172

.8188

rt I'T ) r(#T)
(uniUcss) _uniLlessl

-0. 3500 ' -0. 9,500

-0. 0156 -0• 9462

• 3609 -0. 8676
• 6606 -0. 78|B

.7318 -0. 8021

.8203 i -0. 7830

• 8246 -0. 7006

• 7918 -0. 7324

• 7910 [-0. 6402
• 7124 i -0. 4854

• 5588 -0, 4653
• 4486 I-0. 5174

.3320 i-O. 6717

• 1040 -0. 6220

-0. 0066 -0. 6804
-0. 2238 -0. 7520

-0. 3154 -0. 7953
-0. 3537 -0. 8113

-0. 2706 -0. 7904
-0. 0492 -0. 7031

• 1625 -0. 6944
• 3325 -0. 4672

.4568 -0. 3041

• 5699 -0. 08'/0
• 5831 -0. 0167

• 5682 -0. OIH
• 55415 -0. 0523

• 5640 -0. 0588

• 5584 -0. 1161
• 46/7 -0.1479

• 4211 -O. mm4
• 3/04 -0. 3704

• 3142 -0. 4222
• 2310 -0. 6014

• 1223 -O. 6817

• 0027 -0. 4_47
-0. IR4L_ -O. 74,11

-O. 2616 -0. 0119

-0. 3096 -O.

-0. 3199 -0. 81413

-0. 9449 -0. 0170

-0. 8048 -0. Ill_
-0. 2706 -O. 0316

-0. 3076 -4. Idle9

-0. 9r/O -0.

-0. 8912 -0. I_111
-0. 2539 -0. 6841

-0. 9402 -0.
-0. 9000 0

-0. $640 -0. 0841

-O. 2833 -0. sin

-0. 3201 -0. I,IN

*0, 3103 -O. 8134

-0. 3089 -0,
-0. 3164 .0. 8J38

-0. _BO -o.ml
-o. 3967 -o. im44

-o. 3351 -0. U86
-0. 3434 -0. lIG,I

-0. 8630 -0.1971

-0. 3H9 i-O. 8191
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TABLE 14. 9 COEFFICIENTS OF VARIATION AND DISCRETE ALTITUDE

LEVEL CORRELATION COEFFICIENTS BETWEEN PRESSURE -

DENSITY r(Pp); PRESSURE - TEMPERATURE r(PT);

AND DENSITY - TEMPERATURE r(pT),

CAPE KENNEDY, ANNUAL (Concluded)

(kin)

7. 5700

7. 6500

7. 7500

7. 8300

7. 9000

7. 9800

8. 03O0

8. 0700

8. 1000

8. 1200

6. 1200

8. 0700

8. 1200

6. 0700

7. 9000

7. 6900

7. 3800

7. 0500

6. 3200

5. 9500

5. 5800

5.25OO

4. 9200

4. 6300

4. 4000

4. 2000

4. 0200

3. 8000

3. 7800

4. 54oo

4. 70(H}

4. 90(H)

5. 1500

5. 3800

5. 5701)

5. 6600

5. 7700

5. 8200

5. 8700

5. 8900

5. 7900

5. 6500

5. 5000

5. 2900

4. 9900

5.0100

5. 0400

5.1/00

5. 2700 t

5. 3600

5. 5200

5. 1300 [

4. 7800

4. 4700

4. 1900

3. 9600

4. 0500

4. 1400 ]4. 0400

,, ('I'1/T ,'( 1'I,1

( I" rr,',it/ ( ,u,i U,'_._/

•_. I;:lllll . _')|7

4. _l_llll .7:)'/i;

5. o000 .7778

5. 1500 .7G02

5. :1800 .7:142

5. 4400 .7:124

5. 471)1) .7:126

5. 4000 .7437

5. 5100 .7:1:11

5. 4900 .7369

5. 47011 .7392

5. 3800 .7459

5. 2900 .7615

5. 1700 .7733

5. 4100 .7313

5. 6500 .6779

6. 1600 .5628

6. 5200 .4587

6. 8400 .3508

6. 7800 .3265

6. 7200 .2975

6. 6000 .2800

6. 6100 .1891

6. 56O0 .0855

6. 5100 -0. 0232

6. 4500 -0. 1271

6. 4000 -0. 2296

6. 3400 -0. 2344

6. 2800 -0. 2255

5. 9600 -0. 1608

-0. :1629

- Ih 2805

- q. 2256

-0. 1558

-0. 0781

-0. 0505

-0. 0408

-0. 0429

-0. 0215

-0. 0208

-0. 0205

-0. 0426

-0. 1008

-0. 1432

-0. 0901

- O. 0383

• 1390

• 2771

• 4045

• 4730

• 5342

• 5942

• 6259

• 6645

• 7032

• 7363

.7094

• 7874

• 7986

• 7798

rO_ 1)

(um U,:._I

I - 0. _s293

I -0. q076
-0. 7878

-0. 7602

-0. 7:142

-0. 7170

-0. 7099

-0. 6908

-0. 8957

-0. 9011

-0. 6885

-0. 6973

-0. 7214

-0. 7383

-0. 7452

-0. 7600

-0. 7403

-0. 726/

-0. 7145

-0. 8784

-0. 6482

-0. 6067

-0. 6475

-0. 6877

-0. 7272

-0. 7647

-0. '/083

-0. 78,19

-0. "/648

-0. 74.12

The associated values for pressure and temperature are the last two terms,

(A) and (B), multiplied by P and T, respectively, and then this result is

added to P and T, respectively. The appropriate values of r and CV

may be obtained from Table 14. 9.

In general, the three extreme p, P, and T equations of interest are

Iextreme p = (p* MOp) = _ ±M

= p {1 _M I(_ -_) r(Pp)-(____T)r(pT)l }
( 14. 7a)
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extrerneP = (P±Map)= P II+M (__--_-P)I

= P/I_-MI(_-_-P/ r(Pp)+ (_)r(PT)]/
( 14. 7b)

extrerneT = (T_MaT)= T II±M (_)1

= T I ± M r(PT) - r(pT , (14.7c)

where M denotes the multiplication factor to give the desired deviation. The

values of M for the normal distribution and the associated percentile levels

are as follows:

M

mean -3 standard deviations 0. 135

mean -2 standard deviations 2. 275

mean -1 standard deviations 15. 866

mean _0 standard deviations = median 50. 000

mean +i standard deviations 84. 134

mean +2 standard deviations 97. 725

mean +3 standard deviations 99. 865

Percentile

The two associated atmospheric parameters that deal with a third

extreme parameter are listed, in more detail, in the following chart.

_g880C. =

Tassoc. =

PasmO¢. =

For

Extreme Density

For For

Extreme Temperature Extreme Pressure

, [| ._(M(=_)r,T)} ]

Use + 81 _ where extreme parameter is maxLmum.

Use - sign when extreme parameter |j minimum.
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It must be emphasized that this procedure is to be used at discrete

altitudes only. Whenever extreme profiles of pressure, temperature, and

density are required for engineering application, the use of these correlated

variables at discrete altitudes is not satisfactory. Subsection 14. 6 deals

directly with this problem, since a profile of extreme pressure, temperature,

or density from 0 to 90 kilometers altitude is unrealistic in the real

atmosphere.

14.6 Extreme Density Profiles for Cape Kennedy 3

Given in this section are the two extreme density profiles that

correspond to the summer (hot) and winter (cold) extreme atmospheres for

Cape Kennedy, Florida (Table 14. 10). These two extreme density profiles

should be used in the design (aerodynamic heating during ascent, engine per-

formance, etc. ) of vehicles to be launched from Cape Kennedy, Florida.

For those aerospace vehicles with ferrying capability, design calculations

should use these extreme profiles (Table 14. 10) in conjunction with the hot

or cold day design ambient air temperatures over runways from paragraph

15. 4. 1 of Section XV° The extreme atmosphere producing the maximum

vehicle design requirement should be utilized to determine the design.

The envelopes of deviations of density in Table 14. 8 imply

that a typical individual extreme density profile may be represented by a

similarly shaped profile, that is, deviations of density either all negative or

all positive from sea Level to 90 kilometers altitude. However, examination

of many individual density profiles shows that when Large positive deviations

of density occur at the surface, correspondingly Large negative deviations
will occur near t5 kilometers altitude and above. Such a situation occurs

during the winter season (cold atmosphere). The reverse is also true --

density profiles with Large negative deviations at Lower Levelswill have

correspondingly large positivedeviations at higher Levels. This situation

occurs in the summer season (hotatmosphere) (Figure 14. 3).

The two extreme density profiles of Figure 14. 3 are shown as per-

cent deviations from the Patrick Reference Atmosphere, 1963 density

profile. The two profiles obey the hydrostatic equation and the ideal gas law.

The extreme density profiles shown here to 30 kilometers altitude were

derived from a study of actual extreme density profiles that were observed

o Similar profilesfor Vandenberg AFB (Space and Missile Test Centerj,

California, are currently being prepared and will be made available

upon request.
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in the atmosphere. The results shown above 30 kilometers are somewhat

speculative because of the limited data from this region of the atmosphere.

Isopycnic levels (levels of minimum density variation) are noted at approxi-

mately 8 and 86 kilometers. Another level of minimum density variability is

seen at 24 kilometers, and levels of maximum variability occur at 0, 15, and

68 kilometers altitude.

Figure 14.4 compares the temperature 4 profiles of the hot-and-cold

atmospheres with the Patrick Reference Atmosphere, 1963 temperature pro-

file. Figures 14.5 and 14o 6 show the relative deviations (%) of tempera-

tures 4 and pressures, respectively, that are associated with the two extreme

density profiles of Figure i4. 3. Table 14. 10 gives the numerical data used to
prepare Figures 14.3 through 14.6o

The envelopes given in Figures 14. 5 and 14. 6 are +3 standard devia-

tion limits from the mean (with the +3 standard deviation bein_ derived from s =

1/6 of the range). Since atmospheric parameters are not normally distri-

buted, any profile that goes outside such a theoretical envelope does not

necessarily mean the profile is in error (Figure 14. 6).

14.7 Reference Atmospheres

In design and preflight analysis of space vehicles, special nominal

atmospheres are used to represent the mean or median thermodynamic con-

ditions with respect to altitude. For general worldwide design, the U. S,

Standard Atmosphere, 1962 (US 62) (Ref. 14. 2) is used, but more specific

atmospheres are needed at each launch area. A group of Range Reference

Atmospheres (Ref. 14. 6) have been prepared to represent the thermo-

dynamic medians in the first 30 kilometers at various launch areas.

.

where

Temperatures below 10 kilometers altitude are virtual temperature,

that is, temperature corrected for atmospheric moisture.

T = T(I + 0.61w),
V

T = virtual temperature (° K)
v

T = kinetic temperature (° K)

w = mixing ratio (g/kg).
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The Patrick Reference Atmosphere (PRA-63) is a more extensive

reference atmosphere presenting data to 700 kilometers for the Eastern

Test Range. Because of the utility of this atmosphere, Table 14.11 is

included in this section from reference 14.3. The computer subroutine

used to prepare these values is available in the subroutine files of the

MSFC Computation Laboratory as Computer Subroutine PRA-63. Criteria

for orbital studies are in reference 14.5.

A reference atmosphere is also available for SAMTEC (Vandenberg

AFB) (Ref. 14.10). This provides a nominal annual atmosphere model to

700 kilometers and has been designated as Computer Subroutine VRA-71o

In Table 14. 11, the values are given in standard computer printout,

where the two-digit numbers that are at the end of the tabular value (number

preceded by E) indicate the power of 10 by which the respective principal

value must be multiplied. For example, a tabular value indicated as

2. 9937265E 02 is 299. 37265 or 1. 5464054E-05 is 0. 000015464054.

14.8 Reentry (90 Kilometers to Surface)

The atmospheric models to be used for ail reentry analyses are

the US 62 (Ref. 14. 2) and the U. S. Standard Atmosphere Supplements,

1966 (Ref. 14. 4), as expanded in the following paragraphs. Primary con-

sideration is given to atmospheric density since it is the most significant

parameter in reentry analyses.

For all analyses, the supplemental atmospheres should be used

according to the latitude ranges shown in Figure 14. 7.

FIGURE 14. 7 LATITUDE RANGE OF SUPPLEMENTAL ATMOSPHERES

(applicable to both N and S hemispheres).
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TABLE 14. 11 CAPE KENNEDY REFERENCE ATMOSPHERE VERSUS

GEOMETRIC ALTITUDE (ANNUAL)

ALIITUOE

meHwg

22o.

500.

750.

1o0o.
1220.

_50o.
llSu°

2000°

2220°

2200°

_TSO.

3000.

3220.

3200..
3750.

KclTuAI IK--ct Is ooTEMPERATURE TEMPERATURE DENSITY VISCOS[T Y OF VISCO_TY SOUND

n_mtoeo cm -z de_tee_ K de,reel K kg m -$ m 2 see "1 nQwto_-_c m-Z m sec "1

L.OLTO147E OL Z.9667877E 02 2.)937265_ 0_ L.l_lb467E 00 1.5464054L-J5 L._3_241LL-02 3.4685752L Og

9.882_373G 00 _°95u357bE 02 2.'_749989_ 02 [.1513234_ 0_ |.274h4Q_._ [.82_,__J,.__Z._-Q..,_.__3._57?O)IE (!2

q.60226511 00 2o934H32|E 02 2._5730261 02 LoI_LZ(+45t 00 1.6(,_844£-d5 1._149_99c-05 3.44741Q01 OZ

9.3280864b O0 Zo92UObT4E 02 2*9404920E 02 1.1051739_ O0 1.63%8708t-_5 L._OT_Z_9_-_5 3.43/5977E 02

9.0603418_ O0 2.9029301k 02 Z.'_2_43[bE 02 1.0793462E O0 i.65e1362e-G5 [._011441_-05 3.4281')I21 02

8,79R95961 00 2*89229621 02 2,90899231 02 1o_37&661 GO L,7n301941-02 L°79658501-02 3,4L9L3751 02

B.2949430E 00 2.8660932E 02 2._795373E 02 1.00_5670_ O0 L.TT_bO3[P-_5 t,_19367_-05 3._Ot78t4_ 02

8,05211581 00 2,8233220E 02 2._553088E 02 9o79028911-01 1,8137912_-_5 1,1757224¢-05 3,_933654E 02

7,81227281 O0 2,84065_31 02 2,_512902_ 02 9o5690568_-01 1.8531717_-_2 L°76q60421-0_ 3._850555E OZ

T.58430021 O0 2.82800871 02 2.83740021 02 9.31224471-01 [.89369391-05 1./634241t-05 3._7680011 02

7o3290840_ O0 2,812$15bE 02 2,82356341 02 9o0800345_-0| |,9_)094P*05 [,/5726761-05 )_)_5564_ OZ

7.13920651 00 Z.802512LE 0Z 2._0971341 02 R.8522bfliE-01 L.9?7_728L-05 1.1210139_-05 3._6025_61 02

_o925_477_ 00 Z,7095_29t 02 Z,7927909£ 02 8,6299447_-01 2*02|541_-0_ 1,74_6653_-05 3,3219_89_ 02

6_7167869E O0 2.TT63601E 02 2.7817432E 02 8.4122263¢-01 2.0562760C-05 L.7381977_-05 5.3415|75F 02

6.513_029_ O0 Zo?bZgZ24E 02 2.TbT5260E 02 8.E'i943ZTb-Ol 2.1[E8413L-_5 l.73|5_011-05 3.3349_Z2E OZ

4000, 6,31217455 00 2,74919541 02 2,T530_951 02 7,_qL56681-01 Zo1583059[-05 1.7248245L-05 3.32525851 02

4250_ bo!2195161 O0 2o7351511E 02 2o/38_3141 02 7,78859451-01 2.2(_56429£-05 to7178H58£-05 3,3173858_ C2

4500, 5o933/0501 O0 Z,?Z076741 02 2,7234951_ 02 7o_904647_-01 2,25_8305[-05 to7107621c-05 5o_0832641 02

4750_ 5o75Q22791 O0 2o70502801 02 2,7082T00_ 02 7,3#T10521-01 2,3028210_-05 1,703443TE-05 _.29906625 02

5000, 2o_714_481 O0 2o59092221 02 2,59274051 02 7,20_42751-01 2,35259501-05 |.0959_391-02 3,28959401 02
5220° 2o39T21321 O0 2,6?54444£ 02 2,_768959_ 02 ?,_245297_-01 2,4033585_-05 _o5881983_-02 5,2799020_ 02

_OQ° 5,22/45311 O0 2.55959391 02 2,56075331 02 bo_445:_86E-01 2,4548412L-_5 L,5802548_-05 3o2599_47E 02

5750° 5o06204TIE O0 2,54337471 02 2,64_2497_ 02 b,6694129_-01 2,5071532_-02 1,572|2400-02 3o2599400£ 02

bOO0. 4.90089121 O0 2,62679501 02 2.6274_96_ 02 6,4_834_5_-01 2,56031101-_5 t,663T781_-02 _,_49_6791 02

6250° 4o74380431 O0 _o60986701 02 2o5105_12_ 02 6o_13566_-01 2ob14_393_-05 to(,2523155-05 3o_388713_02
6500* 4,5909286_ 00 2,5926069E 02 2,59293611 02 6,16831281-01 2.66927081-05 1,64669061-05 3,22R0552E 02

__5750o .... 4_44192961 O0 2,57503391 02 2,57524961 02 6o00908171-01 2,725147TE-05 to6_726355-05 3,21702701 02

__7900_ ..... _29679591 O0 2o5271T081 02 2,52750021 02 2,P535153_-01 2,7820208_-05 1,6284501_-05 5,205/9621 02

?250° 4o15543971 O0 2o55904291 02 2,539|095_ 02 5o70147761-01 2,83992_1£-05 to6191918_-05 3.194374[E 02

7200, 4.01777611 O0 2,5206783£ 02 2,52070211 O2 2o55283191°01 2.8990096_-0__5 1.60977130-05 3,1827741E 02

7?50, 3,8837257k O0 2,50210741 02 2,50210451 02 5o40744351-01 2,950278|b-05 1,6002129_-02 _,t?101121 O_

8000, 3o75320401 O0 2o483_622E 02 2,48234291 02 5,26218|?E-01 3,0208491_-02 1o59053_9_-05 3o15910211 02

_8250° 3,52514151 O0 2,45447101 02 2,4544571E 02 2o12591951-01 3*0838258F-05 1o58074481-05 3,14706481 02

8200° 3o20245391 O0 Z,442_8681 02 2,44247071 02 4o90953511-0_ 3,14832721-02 1o5T085891-05 _,13_91071 02

8750, 3,302LOL31 00 2,4264284% O_ _,4254_071 02 _,8_291151-01 3,2L__7_J_:_.J¢_§o_j,__L-9.____,Z_L_L._ Z

9000. 3.26_98691 00 2o4073389E 02 2.4073420E 02 4.72493821-01 3.282_226k-02 1.55092441-02 3. t1038361 02

9250, 3,L51056LE 00 2,38822621 02 2,38827061 02 4,5_650991-01 3,3223131E-05 1,24089411-05 3,09R03861 02

_ 9500_ 3,04024691 00 2,3692|82E 02 2,3692_291 02 4,47022841-01 3°4243187L-05 t,5308514t-05 3,08567261 02

9720° 2,93249931 00 2,350263l£ 02 2,_202955E 02 4,_4690201-01 _,49862161-05 1,52081651-02 3,07530941 02
o

10000. 2.82775251 00 2.33142831 02 2._314652E 02 4.222245OE-01 5.57541851-05 1.b108096_-05 3.05097321 0Z

10250. 2o7259591_ 00 2.3127509E 02 2.31278851 02 4.|05_8_4_-01 _.5249_|R_-02 1.50085071-05 3.0486882E 02

10500° 2°62705791 00 2.2942510E 02 2.29430121 02 3.98934051-0| 3.73735951-05 1.4909599_-05 3.03647091 02

10750. 2.53099741 00 2.2760114E 02 2.2760385E 02 3._T435641-01 3.8229747_-_5 1._811567£-05 3.02436951 02

11000. 2.45T311_E 00 2.25676541 02 2.25676541 02 3.76384291-01 3.90766621-02 1.41078421-05 3.0115574E 0Z
11220. Z.34666441 00 2.2389290E 02 2.23892901 02 3o65288881-01 3.9999%05E-05 1.46113675-02 2.99961291 02

11200. 2.2581459_ 00 2.2215274_ 0_ 2.2215274E 0Z 3.5436502E-01 4°09660081-05 1;4516921_-05 2.9879_321 OZ
11750. 2.173515]E 00 2.2046105E 02 2.20461051 02 3.43609791-01 4.19_0165L-05 1.4424796_-05 2.97653491 02

12000. 2.09092811 00 2.1882266E 02 2.18822661 02 3.330212nE-O1 4.3046155_-O5 1.4335282_-05 2.96545401 02

_250_ ...... _Q_09)93_ 00 2.1724225E 02 2.17242251 02 3.Z2598101-01 4.416845Ob-05 1.4248_bib-02 2.9547250E 02

12200. 1.93320361 00 2.1272436E 02 2.1272435E 02 3.12340191-01 4.53218691-05 1.4165211k-05 2._443853_ 02

12750, 1°85857481 00 2,1_Z73291 02 2,1427329E 02 3.022478&E-01 4,b_OJJLQ__JL___J_.,._9_085200_-_5 2.9544559_ 02

13000. L_?8b[0bSE 00 2°12893181 02 2.12893181 02 2.9232218E-01 _.79227601-05 1.4008886£-02 2o925000_E 02

13220. 1.11605271 00 2.1150792E 02 2.1128?951 02 2.8226482£-01 4.93214935-05 1.3936519t-05 2.9160202E 02

_ 13200, _ _1_6_836221 00 _,10361301 02 2,1036130E 02 2,72917941-01 5,08038671-05 _,3868335_-02 2,90755531 02

13750. 1.5829980E 00 2.09216T01 02 2°09216701 02 2o6356414E-O1 5o23764721-05 1°38045601-02 Z.8996_631 02

14000° 1,51990251 00 2,0815732E 02 2,08157321 02 2,5432637E-01 2,4046313_-05 _,37_24051-05 2.8922838E 02

14250. 1.45903_6100 2_O?|86|31 02 2.07186131 02 2._526789E-01 5o58208321-05 1°3691058k-02 2.88552871 02

14200. 1._003371E 00 2.0630579E 02 2.06305791 02 2.36392151-01 5o770T942_-05 1.36417045-02 2._7_9171 02

_4750. _.34377111 oo 2.055|_55E 02 2.055!8621 02 2.27702711-01 5.9716027£o05 1.35975016-05 2._7389325 02

15000, 1,28928561 00 2,048_79_ Q_ 2,0482679_ 02 2,19203261-01 6.1853961_0___|,3558590_-02 2,8690521E 02

15250. L.23683221 00 2.042_197E 02 2.0423197E 02 2.10897441-01 6.4t_11_81-05 1.35250931-05 2.86488321 02

.... 1.18_3629_ QQ _L._37}5_71 02 2.0)_35571 02 Z.02788821-01 6.65574501-05 L.34971071-02 2.86139941 0_
15750.

16000.

16250.

16500.

167_9 •

___L?0_00_
17250.

17500.

|1720.

1°1378295E 00 2.03338691 02 2.0333869E 02 1.94880871-O1 6o9[_33241-05 1.34747111-05 2oR2861101 02

1.0911841E00 2.05042011 02 2.030_201_ 02 1.07176851-01 7.1899693£-05 1.34579581-05 2.85552481 02

1.04637881 00 2.02845891 02 2.o284589£ 02 1.79679181-O1 7.48380[4E-05 1.344_878_-O5 _.H551449_ O_

1.00336561 00 2.02750271 02 2.02720211 02 1.7239240_-01 7.79702231-05 1°3441474£-05 2.8544719E 02!

9.5209732E-01 2.0275470E 02 2°02754701 02 1.65317141-01 8.1308715_-05 1o3441724_-05 2.85450501 02

9.22526621-01 2.0285831E 02 2.('285831E 02 1.5842601E-01 8.48663221-05 1.3447579_-05 2.85523_31 02
8,846060&E-01 2,05059811 02 2,0505981_ 02 1o5|81071_-01 8,8626214_-05 |,3458963_-05 2,82662001 02

8.4828957E-01 2o03_5748_ 02 2.0535748E 02 1o%5582441-0[ 9.26910821-O5 |.34757721-05 _.B_8T4_10 O_

8o1353_2_E-01 2.03749131 02 2.0374913£ 02 1.39172051-01 9o69869541-05 1.3497872_-05 2.851_9451 02

PREC._29_q_ P_ BL._E iq07 _iLI_



14.24

TABLE 14. 11 (Continued)

P_ i_,, i osT,. EoLA I"S--ALTITUDE RATIO RATIO RATIO WEIGHT DIFFERENCE

meters unifless uniflsss unleiess unitless nmnoms cm't

-0, 9,999999bE-01 9.9999995E-01 I,O000000E O0 2.SSH_4400E OI 2,5841858E-07

250, 9.71739511-01 qtTTB687BE-D! 9.95723371-01 -- 2.87209871-01

500. 9.641&[861-01 9.55TT5061-01 9.9167156E-01 S.6786206[-01
.... 750. 9.1720269_-01 q.337RS59E-01 9._7808681-01 8.42060801-01

1000. 8.908761TE-01 9.1195906E-01 9.84101081-01 IolOqB053L O0

1250. 8.65[?$251-01 8.q0346441-01 q.8031734E-01 1.3711816£ O0

1500, B,4009180E-O1 B,bSqglbOE-Q_ _,?702BZ]E-01 I.&2628qRE O0

1750, 8°15616806-01 6,4193186E-01 9.7360662E-01 1.87520621 O0

2000. 7.9174043E-01 8.2719843E-0| q.70227651-01 2.1180304£ O0

2250. 7.68452271-01 8.0681703Eo01 9.66868461-01 2.3548T441 O0

2500. 7.4574143E-01 7,86808351-0| 9.63508161-01 2.58584TOE UO

2750. ?°25596606-0[ 7,67|88501-01 9,6012_Q5_-01 2.81[0632k O0

5000. ?.02006201-01 714796946E-01 q,567|1|61-0[ 3.03064071 O0

3250. 6.80958451-01 7.2q15960E-01 q.5324244E-01 3.24469951 00

3500. 6_60441461-01 7.1076401E-01 9,4970670E-01 3.45336051 O0

3750. 6o40443351-01 6°9278488E-01 q.460q845E-01 3°6_674431 00

4000, 6°2095211E-0[ 6.7522185E-01 9.42401891-01 3.8549727_ O0
. 425_. __b°_|q56046-01 6.5807240E-0| 9.36610791-01 4°04816561 O0

4500. 5o8344336E-01 6.4133206E-0[ 9.34718556-01 4.2364422[ 00

4750, 5.6540262£-01 6°2_994?61o01 9,50719q?E-01 4.6|99193[ !_0

5000. 5.47822431-01 6.090_305E-01 9.2661133E-01 4.5987124L O0

5250. 5.30691751-01 _.9349830E-01 9.2259023E-01 4.7729340E O0

._ $500. ..... S_1399974E-01 5.7832093E-01 q.|805561E-01 4.9426941k oo

5750. 4.97735866-01 5°63510721-01 9.136076¥E-01 5.1061001L O0

.... 6000. 4.0160967E-01 5.49056776-01 q.0904764£-01 5.2692560_ O0

6_50. 4.6645187_-01 5.369477_-Q_ 9.0437800E-0| _.42626291 00
650U. 4.5161221£-01 5.2117212E-01 6.9960216E-01 _ 5.5792186F O0

W
....... 6750. _.36761591-01 5.0771816E-01 8.94724641-01 _ _.7282|751 O0

......... TO00. 4,_491021-01 4.9_57407E-01 8.fl9750781-01 _ 5.g733513E O0

7250, 4,0859190Eo01 4,glT2B14E-O| 8,8468679Eo01 0 6,0147074[ O0

?_00. _.qp0558_-0| 4._9|687_-_| 6.7953967_-0| _ 6.1523710t O_

??SO. ,3.BIB74671-0| 4.S6nn466E-O| B.?_317201-0| _ 6.2864235_ O0

BOO0, 3°6904|261-01 4.4486470E-01 8.6902775E-01 6.4169432_ O0
8250. 3.565476_E-0| 4.3309820E-01 8.6366030E-01 _ 6.5440056[ O0

BSO0. 3.4438674E-0[ 4.21574831-01 8.58284351-01 6.6_166321 O0

6750. 3.32551851-01 4.[0284731-01 8.5284985E-01 _ b.?BB_S�C__ ............

9000. 3.21036351-01 3.9921856E-01 8.47387151-0[

6.905160_[ O0
9250° 3°09835871-0! 3,88367_21-01 8°41906821-01 7.o|qoqL[k _o

9500. 2°9895855_-01 3.?77230[E-01 8._6419761-0| 7°129q005£ O0

9750. 2.8_3_38_e-01 3.67277601-0[ 8.3093694E-01 _ 7.23764?9£ O0

10000. 2°780_4691-01 3.57024011-01 8,2546939E-01 _ 7.36_39|?[ O0

102S0. 2-6_03542_-0[ 3,469S566E-01 8,2002e_oE-o_ _ 7,444]g7_._00 ....
[OSOU. 2.583107_E-0! 3.370665_[-01 8.[4624016-0[ 7.5_308931 00

10750. 2.68665361-01 3.27351361-01 8.0926?TTE-01 _ 7.6591_981 O0

11000. 2.396538DL-01 3.180138_E-01 8,0360048E-0| _ 7.7328327100

i

11250. 2.307_04_6-01 3*0663917E-D[ 7.98329371-01 _ ?.82348281 O0

11500. 2.220957_6-01 2.99409401-01 ?,9316q051-01 _ ?.q114012[ O0

11750. 2°13715221-01 2.q032211E-01 ?°8813556E-01 _ _.�qb631q_ O0

12000° 2o05594676-01 2,613756_E-01 7.63246761-01 8.07921q0_ O0

12250. 1,9772q6_E-Ol 2.7256896E-01 7.78512011-01 8,i592078_ O0
12500. l.qOllSSqE-Ol 2,63q01661-01 7.7395250[-01 8.23664361 oO

12750. 1.8274607E-01 2.553?467E-01 ¥o6958085E-01 _.3[_T23_ O0

13000. 1.7_622501-01 2.4698fl29_-0| 7.6541126E-0| 8.3840404F O0
L3250. 1.6673430_-01 _.3874412E-01 ?._145730[-01 8.4540964t oo

1350o. 1.62p7882_-0[ 2.306439qE-01 7.57731911-0| 8.5217816F O0

15750. 1°55651451o01 2°226901_-01 7.54247391-01 8,587|4911 O0

14000. 1.49447451-01 2.14884941-01 7°51015171-()1

|4250, 1°434621qE-01 2.0123127E-01 7,48045911-01

14500. 1.3769094_-01 1.99731981-01 7.45349351-01

14750. 1.3_1269HE-01 1.q2390131-01 7,42934221-0[

15000. 1 • 267__21_ 7 e-O [ 1.85208T_E-Ol ? • 40808gl_i ..... __ _ _ 09
15250. 1°21613q_E-01 1.7819105F-0[ T°3697?q86-Ol 8.933514_E O0

____--._00. 1.|6651491-01 [.713J994E-01 7.37448921-01 fl,9B_7842_ O0

15750. L.[167936_-01 [.6k6563_E-0[ 7°36225271-0[ qoO3231_6E O0

lO000.
|°07292856-01 I.S814ql_E-Ol 7.55309921-01 9,078q_301 O0

16_OU. q. B657924E-02 1°_565745_-0[ 7.34409261-0[ _.1667815_ O0

|6750. 9.4600136_-0_ [o3967943E-0[ 7.34622q|E-01 9.206_49_1 O0

17000, 9.070924_E-02 1o33882341-0[ ?,34742R3E-01 q.24762071 O0

[7250° 8o698_654_-02 1o282676[Eo01 ?.35364841-01 9o28554111 O0

17750. 7.qqq2077_-02 1.17_88951-01 7.374906qE-0[ 289644001 OI q.3566159_ _0

8.65024651 00
8.7111155[ O0

8.7_98100_ O0

8.8263760E 00



TABLE 14. 11 (Continued)

14.25

GEOMETRIC I PRESSURE [ KINETIC i vIRTUAL I I KINEMATIC I COEFFICIENT I SPEED OF

ALTITUDE TEMPERATURE TEMPERATURE DENSITY VISCOSITY OF VISCOSITY S_)UNO

meters _fO_l cm-Z de,eel K _ees K kg en*3 m 2 sec d _wto_-se¢ m-2 m se¢-J

ISOOG.

18500.

L875,1*

1900v.

I)ZSu.

19500.
|q750.

20000.
2025u.

20500.

Z0750.

21000.

21_5_*

__LSOo.
2L750.

22001.

22250.

2¢500.

22750.

2J000.

23250.

235N0.

2]25_.

7.80e7355E-01 2.C5_031_E 02 2._)_303|3[ 02 l*_2]0218E-01 1.02ot471¢-04 1.35853861-05 2.8?23662£ 02

7._4_9_51-0_ 2.059_0_ 02 2._5qL008_ 02 _.25651921-0_ 1.0T534TT_-_ L.361_91_-_5 2.81662901 02

?.1920003_-0[ 2o_652754k 02 2._6_27541 02 1*211T4_71-01 [.1268123_-04 [.]6_4144_-05 2. R8093881 02

_.62600921-01 2.07285571 02 2.('?T8667E 02 1.]5_62)6k-01 |.Z_bBT66L-O_ 1.3224615_-05 2.8897076_ OZ

6°3_0386_E-01 2.08_8_8_E 02 ?.,8_248_k 02 [.06203951-0L 1.2956538t-04 l.37bO356k-05 2.0941420£ 02

b._OT2355_-OL 2.090bbb_[ _2 2.C9065b_ C2 _*O_&b3_�E-01 _.35_05001-0_ _*_Tq_19_-05 2._ge59_Sk _2
5.B_425441-01 2.09710511 02 2.0921051E 02 _.732_618e-02 1.42/1596_-0_ 1.38320921-05 2._0_05421 02

5.6_15_521*01 2*L035_8bt OZ 2.LQ]_466_ 02 9.0Lq]?�R_-02 L.4880T03_-04 1.386797T_-05 2.907_10_ 02

5°19_255_E-01 2°1163959£ 02 2.116395qE 02 8*54784351-02 |°b31)7_871-04 1*393938_¢-05 2.91637591 02

_.q_O7848b-O[ ZoLZZ?T35_ 02 2°L22T_56 02 _*188155T_-0Z Lo?O6?O49t-04 L*3974T651-05 2o9207668_ 0_

• *7q49015_-01 2*12910421 02 2*|2910421 02 7.8_4T6T4[-02 1.78_883,[-0_ [*4009840k-05 2*92511881 OZ

4o6072266_-0_ Z.L]5_T68E 02 2.[]5_768k 02 7o5169070b-02 1.8_83942_-04 _.40445_0k-05 Z*_2q42461 02

4.2550730_-01 2*1_27067E 02 2.L417067k02 6._0_869qE-02 2.04_869_E-04 1.411265[d-05 2.93786981 02

_,ORggLg|E-O[ 2.153_4551 02 2.15]T_55L 02 6*6193250E-02 2.1370675k-04 L°41459_-05 2.g4_99?2E 02

_.93162221-01 2.L59689[£ 02 2*15968911 02 6.]465692¢-U2 2.23406891-04 1*4178673_-05 2°9_605381 02

3.77q881LE-01 2.L655]021 02 2.t6_5302_ 02 _.085qq?_-OZ 2°334qq9]_-0_ l°4210S00_-05 2ogS0o3_0_ OZ

_.63_409|k-01 _*l _!_ 6Z41 02 2.171262_E 02 5.83703|2E-02 2.4399_901-04 1.42_22921-0§ 2.9539368_ 02

]°4q4q3O4_-OL Z.L2688001 02 2.t?68800b 02 5.§gqllSAE-OZ 2o54qLTZ6k-04 L°42?3L20_-q5 2.qSTTSSTE 02
3.3611_32_-01 2.L8237811 02 2.18237816 02 5.3712368_-02 2.66_68771-04 L.4]032581-05 2.9614805£ 02

3.232916RE-01 2.1877527_ 02 2.1BTTSZ?E 02 5._5_3e_1_-02 2.780678b_-04 1.4]326881-05 2.9b_10291 02

_.LOq_90¢k-O[ 2.[_30008E 0Z 2.|930008k _2 4.946S870_-_ 2o0032938¢-06 1.43613961-0_ 2.9&868221 02

2&000.
24250.

24500.

2_75b.

25000.

25250.

25500.

25750.

26000.

2625U.

26500.

26750.

27000.
2TZ50.

27500.

27750.

28000.

28850.
28500.

2_750.

29000.

29250.

29500.

2q750.

]0000.

30250.

30500.

30750.

3100_.

31250.

3i_00.

31750o

32000.

322_0.

32500.

-- 32?50.

33000.
3]250.

3]500.

33750.

2.99[875_-01 2.1981200E 02 2.19012036 02 4.7_788081-02 3.030681_E-0_ 1.43093701-05 2*92215021 02
2o878653qE-01 2.20310qLE 02 2*203LOqLL 02 _.55786L51-02 3o16301951-04 L._6605k-05 2.9255212_ OZ

2.270015[E-01 2.2079621E 02 2.2079621[ 02 4.3T60915[-02 3.300_56_E-04 1.44_3099_-05 2.92080001 02

2.665759l_-01 2.21269481 02 Z._1269_81 02 4*20218811-02 3.4_31725_-04 1*446885qE-05 2o981q82_E 02

2.5656950E-0| 2.2172_3_ 02 2.21729_4_ O_ 4.o357294_-02 3.59134891-O4 _.44q_892k-05 2.9850846_ 02
2._6963931-01 2.22176481 02 2.22_76_81 02 3._765[041-02 3.7_517541-04 1.45182111*05 2.98809291 02

2.]724181b-01 2o226112_E 02 2o2261LZ_E 02 3._2404371-02 3oq0485121-04 lo4541836_-05 2o9qL01501 02

2.28886351-01 2.23034001 02 2.2303_00_ O2 3.52U05_31-02 4.020584qE-0_ [.456_2901-05 2.9q385381 02

2o20381591-01 2.23_45261 OZ 2o23_45261 02 3o438_91-02 4.Z_25q62_-04 1.458Tl02_-05 Zo�qb6L2TE 02

Z*12212291-01 2.25845601 02 2.23845601 02 3*30_32411-02 _.42L_172E-04 1._60_880_-05 _.99q__�J_
2.0436382E-01 2.2_235231 02 2.242357]E O2 3.1T60025[-02 4.60_]9211-04 _.46299361-05 3*00190861 02

Lo96822211-01 2o246164UE OZ 2o2461640k 02 3.05_0360_-02 _o?_862q2[-U4 Lo46505411-05 3oQ044_5&E O_

1.8952_141-01 2.2_9885J_ 02 2.24988531 02 2._]51587E-02 4.gq82535_-04 1.4670662E-05 3*0069_3]E 02

Lo82606861-01 Zo253530_E 02 2o2535]03_ 02 2o8221]T31-02 5.205_052k-04 lo_6q03681-05 3o009]2801 02

1.7590816k-01 2.2_21105_ 02 2.25711051 02 2.7_3745_E-02 5._2044381-04 1.4202T05_-05 3.0117677F 02
1.69466_0k-01 2.2606]221 02 2.26063721 02 2.6097671E-02 5.64369881-04 1.4728740_-05 3.01411921 02

|.632736]_-01 2.2643085[ 02 2.264388_E 02 _.51190291-02 5.87163311-04 L.4248972k-05 3*01661941 02

[.52292201-01 2.26972201 02 2._6q77201 02 2._1414151-02 6o12142]]E-04 1.42729821-05 ]*02020321 02
Lo515_519_-01 2o2251620_ OZ 2o_2516231 02 2o3204L991-0_ 6.]8118381-04 L.4802026k*05 ].02329071 02

L*&bO22?Ok-01 2.2805774E 02 2.2805774E 02 2.2305569_-02 6.65L]0661-04 _!±_8361191205_ O__.?3J._._pL02

L.407152HE-OL Z.2860044E 02 2°2860_441 02 2*14_3810E-02 6.q32LqTOe-Q4 1.4865272b-0_ 3°o]oqs]6E 02

L.3561324E-01 2.2914508_ 02 2.2914508E 02 2*06|7288E-02 7.22427591-0_ 1.48q4498E-05 3.03459201 02

1*307L01_E-0L 2.29691811 02 2.296q1871 02 1*9824461E-02 1.52797781-04 1.49238101-05 3.03821051 OZ

L.ZSg_566E-OL 2°3024L04£ 02 2.3024LO4E 02 L.qOb3850E-02 ?.8437554E-04 L.4q532L?_-05 ].04L8403E QZ

1*2146273_-0[ 2.30192241 02 2.3079224b 02 1._3340601-02 8.|72074_t-04 1._9827301-05 3.045_82bE 02

1.1710385_-01 2.31]_21_E 02 2._1_#7181 02 1.763375_251-04 1.5012357_05 3.349138_E 02
[.12911q31-01 2.319045{_E 02 2.31_0450E 02 1.6961b62b-OZ 8.86829771-04 1.50421071-05 3.0528090E 02

I.OR8BOIZE-O_ 2.32464851 02 2.32_6485E 02 1.6316577E-02 9.2372233E-04 1.50719861-05 3.05649501 02

1.05001951-01 2.3_028381 02 2.3_028381 02 1.569234qE-02 q.6207348E-04 1.510200k£-05 3.06019751 OZ

[*01271181-0_ 2.33595[91 02 2.33595191 02 1*51028781-02 t.00193891-03 1.5132162E-05 3.0639170E 02

. _*768186_t-02 2.3_|653TE 02 2.34165321 02 1.45_2122E-02 1.0433__;_._-03 1.5162468E-05 3.06765411 O_

9._228337E-02 2.3473904_ 02 2.3_73904E 02 1.3984082_-02 1.0864443E-03 1.5Lq2926_-05 3.071409_E 02

9.09050801-02 2.353162bE 02 2.35316261 02 1*34577971-02 [*13120581-03 1*_2235391-05 3*07518341 02

8*7706975E-02 2.35897081 02 2.3589708_ 02 1.2_523721-02 1.17772321-03 1*52543091-05 3.07897621 02

8.462898|E-02 2.36_81551 02 2.36481551 02 1.2666q32E-02 1.2260625E-03 1*52852381-05 3*08278811 02

8*_666349E-02 2°3706971E 02 2.3706921E 02 1*20006521-02 1.27629131-03 1*5]163281-05 3.086619_ O_

7.8814_891-02 2.3766L551 02 2.37661551 02 [*1552737E-02 1.328_7981-03 1*53415781-05 3.0904698E 02

7.6058993E-02 2.382571CE 02 2.382571DE 02 [*11224271-02 |.3827008k-03 1*53789891o05 3.09_33961 02

7.3425727E-02 2.]8856321 02 2.38856321 02 1.07090091-02 1.439027_E-03 1.5_105571-05 3*09822831 02

7*0880660E-02 2.]_459[81 02 2.39459181 02 1.0311789E-02 1.49753671-03 1*5&_2282E-05 3.102135?E 02

]4000.

34250.

34500.

34250.

35000.

35250.

r -- 35500.

36750.

6.842991_E-02 2.40065638 02 2.4006563b 02 9*_301028t-03 1.55830811-03 1.5_74160E-05 3*[060615E 02

b.6069812_-02 2.406756]E 02 2._0675631 02 9.56331991-03 L.62142301-03 _.55061821-05 3.11000521 02
6.37967841-02 2._12_910E OZ 2.41289101 C2 9.210831_E-03 1.6869660E-03 1.553835q_-05 3*113q6631 02

6.160249_E-02 2._1905931 02 2.4190593E 02 8.82206651-03 1.75502_91-03 1.55706216-05 3. L[794401 02

5._q863_*02 2.&2526001 02 2._2326001 02 8.5_6_6_01-03 1.82568081_03 1.560311_E-05 3.1_193251 02

5.74b710_E-02 2.4314924E 02 2.431_924E C2 8.23349401-0] [.899034_E-03 1.56356810-05 3.1259_63E 02

5.5509918b-02 2.4377545E 02 2.43775_51 02 T.9326_131-03 1.97_[7531-03 1.5668377_-05 3.12990_01 OJ_l

5.3624[921-02 2._40_541 02 2.a4_0454E 02 7.6434_681-0_ 2.054201_-03 1*51011791-05 3. L3_OQSOE oal



14.26

TABLE 14. 11 (Continued)

i .ET CIALTITUDE

meters

PRESSURE

RATIO

uni118ss I DENSITY I VISCOSITY I MOLECULAR

RATIO RATIO WEIGHT

untttess unless uNtless

18OOU.

18250.
18500.

18780.

19000.

19250.

19500.

19¥50.

20000.

2025U.

20500.

20750.

2100U.

21250.
21500.

21750.

22000.

2_250.
22500.

22750.

23000.

2325U.

23500.

23750.

?.67qoT92E-02 1.1186054E-01 7.42272256-01 2.8964400£ OI

7.3687228E-02 |.0T01034E-01 7.44|3570_-01
?.0716777E-02 1.02382921-01 7.4602q041-01

6.78734491-02 ?.79673921-02 7.47946501-01

6.51515551-02 9.3754101E-02 7.498826bE-O!

6.25456711-02 8.9733634E°02 7.51832171-01

_6,00506111-02 8.5896982E-02 7.53790121-01

5.7661451E-02 8.2235550E-02 7.55T31_81-01

5.33734B71-02 7.8741122E-02 7.5T712331-01

5.3|82223E-02 7.54058398-82 7°59667761-01 __
5.10833881-02 7.22222721-02 7.616138qE-O1

4.q0728871-02 6.91832051-02 T.6334699_-O1

4.71468261-02 6.62818551-02 7.b5463401-01
4.53014731-02 6.3311708E-02 7.67359861-01

4.35332821-02 6.0866556E-02 7.6923324k-01

4,1838853_-02 5.83404921-02 7.71080741-01

4.02149451-02 5.592787|E-02 7.7289q771°0|

3.86_84591-02 5.3623306E-02 7.74688011-01
3.71664341-02 3.14216921-02 7,76443371-01

3.57360521-02 4.93|81301-02 7.7816400E-01

3.4364600_-02 4.TSO?q63E-02 7.7984835E-01

3.30495041-02 4.5386774E-D2 T.B|4qS03E-O| --

3j_TB8299E,02 4.35503301-02 T,83|0302E-01

3.0578617£-02 4.17946061-02 7.84671521-01

24000. 2.94182161-02 4.01157781-02 7._6199961-01

24250.

2450U.

24750.

25000.

25250.

25500.

25750.

26000.

26250.

76300.
26750.

27000.

27_5U.

27500.

2?750.

28000.

28250.

28500.

_e75_.

29000.
29250.

2_500.

29750.

30000.

3o_5o.
305o_.

30750.

31000.

31_50.
31500.

31750.

3_000*

32250.

32500.

33000.

33250.

33500.

33750.

.... 2_8304938E-02 3.85101q4_-02 7.R768ROZE-01
2.72367251-02 3.69743871-02 7,89135621-01 W

2.62|1607_-02 3.55050461-02 7.q054306E-01 •

_.52277071-02 3.40990281-02 7.q1910801-01
2.428322_-02 3.2?533351-02 7.q323q55E-01

2.337643_t-02 3.14651171-02 7.94530371-01

2.25057071-02 3.02316601-02 7.05?84521-0|

2.166q4591-02 2.90503861-02 7.q?003511-01

_.0866_q6_-0_ _.T�1883bE-02 7.qBIBq3ZE-01
Z

2.0094480_-02 2.68346611-02 7,9934393E-01
l.q35293bE-02 2.57956521-02 8.00469701-01

m

1.86402551-02 2.479q686E-02 8.01569381-01

1.7055183E-02 2.3844747E-02 8.0264578k-01 o

I.T29652DE-02 2.29289_51-0_ 8.03702281-01 _

1.666_121E-02 2.205039_E-02 B.04742301-01

1.6056205k-02 2.12235211-02 8.0584776E-01

1.5466069_-02 2.039?5|7E-02 #.O743278E-Ot

|.49009831-02 |.9bO_b40_-02 8.09019661-01

|.4357973_-Q2 L.88463781-02 8. i060922k-01

1.38361101-02 |.81182621-02 8.1220207_-01

1°33345111-02 L.74|991qE-02 8.13?98941-01
1.2852335E-02 1.67500451-02 8.15400_81-01

1.2388774E-02 1.6107391E°02 8.1T007221-01

1.19430656-02 1.54q07781-02 8o1861973E-01

_._51446_-0_ 1_489q0741-02 8.20238481-01
h1102290_-02 1.4331214E-02 8.2186393E-01

1.0705855_-02 1.37861701-02 8.23496471-0|

1.0324527E-02 1.326_9731-02 8.25136521-0|

9°9576q071-03 |.27606941-02 8.2bTB43ZE-O|

qt_047_451-03 Jj_278452E-02 8.28440111-01

q.26518911-03 1.nRlb403E-02 8.30|04_01-0n

8.9384232£-03 n.13707351-02 8°317?6q21-01

8.623963nE-03 1.094369_E-02 8.334581nE-on

8°3213134_-03 1°0533536E-02 8°35n4802E-on
8.0300065_-03 n.Ol_gSbTE-02 8.3684&711-0|

7.74959n_E-03 9.76nllbnE-03 8.385541nE-01

7.47q63541-03 9°39753941-03 8.4027032E-01

7.znq?3nuE-o3 9.04823461-03 8.4nq951bE-01
b.qb94821E-03 B.?126163E-03 8,43728521-01

3400_.

34250.

3450U*

3475U.

3500_.

3525_.
355_0,

3575_.

6,T2850771-03 8.39012301-03 8.45470241-0n

6,4q644591-03 _.08022n51-03 8.41220121-01

6.272_46_-03 7.7823977£-03 6.4897795E-01

6.0576797_-03 7.4q616901-03 #,_0763381-01
i

5,_S03222_-03 1.22106161-03 8.5251b_)._,_1_

5,65056791-03 6.qSb6277E-03 8°_4295?11-01

_.45812331-03 6.70244031-03 8.58081781-0n

I PRESSURE I

_FFERENCE

fleWtons cm-2

9.3891735t O0

9,4207371_ O0

g.45094701 oo
?.47986411 o0

9°5075462_ O0
9.5340484[ OO

9.5574236k O0

q.58372n6E O0

9.6069906[ O0

9.b2927bO[ O0

q.6506215E O0

9.67JObBTE O0

9.6q065701 O0

q.70942451 O0
9. T274072E OO

9o744639QE oo

q.76115521 O0

9.77698491 O0

9.TqZ1590t O0

9.80670621 O0

9o82065401 O0
9.63402881 O0

q°8468554E O0

9.85915801 O0

9o8709595_ O0

9.88228181 O0
9.89314561 00

9.90357121 O0

9,?|}_777E O0
9.92318321 00

9.9324054£ O0
q. q412b081 O0

9.949T656E O0

q.957954qk O0

9.9657834£ O0

q.q733249F O0

q,qsO572q_ O0

9.98754021 O0

9.9942390E O0

n.oooo681_ on

1.ooo68731 Ol

1.0012855[ 01

1.0018602E Ol

___.L,_9__,_ Z4 L 0 _ ......

1.0029432E Ol

1.00345331 Ol

1°00394371 Ol

1.0044151E 01

1.0048684E 0|-

1.00530431 01

n.0057235[ Ol

1.0061267_ Ol

1o0065145[ Ol
1.00688761 O1

1o0072465[ Ol

1.007591q[ Ol

1.007q242_ Ol

1.00824401 01

1.0(3855|81 Ol
|.0088481[ Ol

1.00q13321 Ol

n.O_q407B( Ol

1.00967211 Ol

1*009926bE 01

1.0101717_ Ol

1.0n04077[ Ol
n.OlO6350L Ol

1.010853qb O|

i.OIIO_4BL_).,]L

1.0n126801 on

....... 1.0114637E Ol
5.27270561-03 6.45808621-03 8.5787399E-01 2.8964400£ O] 1.0n165231 Ol



TABLE 14. ii (Continued)

14.27

GEOMETRIC

AL.TITUOE

mete|

3600u.

36250.
36500.

36750.

3700u.

37ZSG.

3?500.

3/?50.

38000.

38ZS0.
38500.

38T50.

39000.

39250.
39500.

39750.

*0o0o.

40250.

40500.
40750.

*LO00o

*[250.

4X500.

41750.

42000.

42250.
42500.

62750.

*3000.

43250.
43500.

".3756.

.__ I -ET,cJv'--LI I--*,cIc 'c'EN*ITEMPERATURE TEMPERATURE DENSITY VISCOSITY OF VISCOSITY SOUND

_ft_l *m'Z (Jl_ees K _ K k_ m°3 m2 see "1 mmto_-sec m-2 m S_: "1

5.1807181,_-02 _.*50_628E 02 2o45036Za[ 02 7.36',*110£-03 2.1362103F-0_ I.573*0801-05 3.13805891 02

5.0056Z03E-0____;'.S__tO_ _L_-_ZO_SZC PL_._O%SLq__t;-_ 2,_Z21_0_3_-(,3 L.I767q73i-o5 _I_IL_L._

¢.8368751E-OZ 2._630706£ 02 2.4630706£ 02 6._*|O')fSb-03 2.3035_22C-03 1.58001,6£-05 3.1.6113,_ 02

*o6?42370£-02 2.&69456/,£ 02 2.46945661: 02 6._)3_)TITt:-03 2.t.L)llT6Zt-03 1.5833288t:-05 3.1502553E 02

q. SIT*TST£-O2 2.47586|_,E 02 2.47586|0E 0_ 6._b_4301-o3 2.*961657L-03 L.5866¢86e-05 3.15.3376E 02

_*3663611£-02 2.*822817_ 02 2.48ZZSLTE 02 6.1278Z$7L-G% Z.Sg46774_-03 L.5899729_-05 3.158'251£ 02

*.0802_661:-0_ 2**9515981_ 02 2*_*9515981:02 5.t, 96/0*2_-0_ 2.80_71*351-03 [.59662871:-05 _.[666075E 0Z

3.9447995£-02 2.5016116£ 02 Z.5016116£ 02 5.493*199E-0_ _.9|_4978E-03 1.5999574h-05 3.1706989£ 02

3.81,Z08|_--02 2°5080680£ 0_ 2°5080680 F 02 5,_/78887£-0) 3.028_T0*_-03 |.603_8**L-05 3,17*78781 01)

3.6882693E-0_ _.5|'5256E 02 2.5165256E 02 5.10980,8_-03 3.1_*|673[-03 1.6066081_-05 3.17887;*3£ OZ

3.56680571-02 _°5_0980_9__ OZ 2.5209809£ 0_ *_,O_'R_7_]_Lj_-03 3.2663182_-03 L.60992681:-05 3.182950[£ 02

3.*,96,86£-02 ,).527,305E 0Z 2.5ZI*305E _2 *./5*8124E-03 3.39285,31:-03 1.6132386_-05 3.1870[qOe 02

3.33663*3£--02 2.5338705£ 02 2.5338?05£ 02 *.5873508F-03 3.5239111£-,33 1.6_65,[7=-0_ 3.[910768E OZ

3.22760806-02 2.5,02961E OZ 2.5402967E 02 *.&262311L-03 3.659623[t-03 X.61983381:-05 3.19S1207_ 02

3._22'[65E-02 2.546_056E 02 2.'_467056£ 02 *.2711993£-03 3.80013'6t:-03 1.6231J32£-(35 3.199|487E 0Z

3.0209180_-02 2.5530928£ 02 2.5530928£ 02 *.1220200£L03 3.94558,3_-03 i.6263778£°O5 3.20315791: 02
;_.9;_Z9723_-02 Z.559_.53?E 02 2.559,537_ O_ ).<tT8*_jL?_£-______,gqb11%?t-03 L.bj_9_SZ£-05 3.2071457E 02

Z.828*4571:-02 Z.56578371 OZ 2.'_6578371 02 3.84030361*03 *.251885.E-_)3 I..632853LE-05 3.2111092E 02

Z.13?ZIL5£-02 2.57Z07521 02 2.5720182£ 02 3°7_733591_-03 5.*1303221-03 1.6360593£o05 3.2150*561 01'

2.6"91'24£-0Z 2.518332"E 02 2.5?8332*£ 02 3.5793500£-03 4.5797177_-03 1.6392*12E-05 3. Z_895ZOE 02
2.5641234£-02 2.58'5'10E 02 2.5845410£ 02 3.'561553t-03 *.7520915£-03 1.64239661:-05 3. ZZZBZ53E 02

Z .,82039Z£-02 _, _ 9 OJ_9_89 E__0 _.__ 590698 ___.___ 3:_7_ 6 28 E.0_.=_ _ _ 9 x 9 _LQ_j,_._ -__Qj_ Ltj__5__._7 £_ 05 3.22&6623[ 02. -

2.*027806E-0Z 2.5965005E 02 2._968005E 02 3.2Z33_331_-03 5.11,5384_-03 l.b,86168_-05 3.230'598E 02

2.3262411E-02 2.6028407E 02 Z.602840?E 0Z 3.113"715£-03 5.30,9350_-03 1.65167641"-05 3.23,Zl,7£ 02

2.252320Z£-02 Z.bO88|3*E OZ 2.6088L3*E 02 3.007633Z£-03 5.50_8637_-03 L.65*69871:-05 3. Z379233£ 02
Z.1809ZO3E-O2 2.6147127E 02 2.61*?[ZTE 02 2.qO57187E-03 5.70.8q01_-03 1.65768061:-05 3.2"1582ZE OZ

2.1119469E-02 2.6ZO5329E 02 2.620532qE 02 2._075735£-03 5.9L*/B53F-_3 _.6606195_--05 3.2*51880£ 02

. 2.04531|Sk-OZ 2.6262673E 02 2.6262673E 02 2.7130530E-03 6.1315_31_-03 1.6635121£-05 3.2487367E 02

1.9809245E-02 2o6319098E 02 2.6319098£ 02 2.6Z_0L20£-03 6.3552547£-03 1.6663554£-05 3.25222,?£ 02
1-9__87063E-02 2.6374536E 02 2.637.53b£ 02 2.53,3198£-03 6.58617081-03 1.6691*b3E-05 3. Z556.82£ 02

1.8585732£-02 2o6"28923E 02 2.64Z8923£ O_ Z.'4984|3£-03 6.8244.86£-03 1.6718816E-05 3.2590032E OZ

*4000. L.800*SL3E-OZ 2.6"82185E 02 2.6482185£ 02 2.368.$59E-03 7.0702506_-33 L.6745577_-05 3o282285&E 0Z

**250. _._,4Z635£-02 Z.653.256_ 02 2.6534256£ 02 2.2qOO392E-03 7.32376781:-03 _.67717161:-05 3. Z65*q_IE O_

*.500= h5899401E-02 2.6585060£ 02 2.6585060E 02 2.2_4,78ZE-03 7.5851708£-03 1.67q?IqbE-05 3.2686158E 02

**750. ____1.6374120£-02 Z.b63*52*E 02 2.663*SZ*E 02 2.1416613E-03 7.8546.[4_-03 1.68Z[981£-05 3.2716551£ 02

45000.

45Z50.

_5500.
*5750.

*6000.
W6250.

46500.

-- '6750_

*7000.

*7250.
*?SO0.

*7750.

-- _8000.

__ *8250.
*8500.

*8750.

*9000.
49250.

*9500.

*9750.

50000.

50250.

50500.

507S0.

51000.

51250.

51500.

51750.

52000.

_5_250..
52500.

52750.

__ %3000.

53250.

53750.

1.586613*E-02 Z.66825?*E 02 2.66825?4£ 02 2.(:71.819£-03 8.|_3606_%_3 [.6846038_-05 3.27,6049E 02

_.537,807E-02 2o672912qE 02 2.67Zg|_gE 02 2.0038380£-03 8..18508,E-03 1.68693Z7£-05 3o277.60,E OZ

1o'899529E-02 2.677,109E OZ 2o677,109E 02 |.q386315E-03 8.713Z6,8£-03 1.68qlSlOE-05 3.280216q£ O_

1.*'39711E-02 Z.6817436£ 02 2.6817436E 02 1._75/67.E-03 q.n|68161E-03 1.6q13.501:-05 3.2828699£ 02

1.399.781£-02 2.65590Z5£ 02 2.6859025_ OZ 1.81515.6_-03 9.3Zq3.61£-03 1.693.2061:-05 3.285.1,5E 02

L.356*ZISE-02 2.6898792E 02 2.6898792E 02 1.7567082_-03 9.65_02_LL-03____.__6_5*039_-05 3.2878.58E 02
1.31.?,66£-02 2.6936653E 02 2.6936653£ 02 1.?005,_6£-03 9.98Z0579£-03 t.6972909£-05 3.2901589E O2

1.27**068E-OZ 2.6972512E 02 2.6972512E 02 1.6*597928-03 1.0_22590£-02 1.69q07701:-05 3.2923,81E OZ

1.2353,87E-02 2.?006288E 02 2./00628BE OZ _._935380_-03 1.06728"3£-02 1.7007582E-05 3.29.*08qE 02

1.1975290E-02 2.703755.E OZ 2oT03788,_ O2 1.5.29473E-03 1.1032q?6£-OZ L.?023301£-05 3.2983355E O2

1.160_022£-02 2.?067210E OZ 2.7067210E O2 1.49*I35_E-O31.1_O31?_E_O_ 1.703788ZE-05 3o2q8_226E 02
1o125'254E-02 Zo?Og*166E 02 2./094166£ 02 1.4,70338E-03 [.17836071-0Z 1.705127_E-05 3.299?645£ 02

1.0910565E-02 2.7118660E OZ Z.?tI8660E 02 l.*015/68E-03 1.21T*'63£-02 1.?063.'6E-05 3.3012557E 02

1.0577570E-02 2.71,0870E 02 2o71*05qOE 02 1.3577018E-03 h2575qlO£-02 1.707"335E-05 3.3025902E O2

1.028'871E-02 2.7159837E 02 2._159857£ 02 1.3153,75£-03 1.29881Z6E-02 1.70838q9E-05 3.3037623E 02

9.63650271-03 2.71876741 02 2.718767*E 02 1.2347674£-03 1.38*69011-0Z [.7097701£-08 3.305.537£ 02
9.3.4,53ZE-03 2.7_5868ZE 02 2.715868ZE 02 1.1986240k-03 l.*25Z**O£-OZ 1.?083316E-05 3.3036908E 02

9.0608503E-03 2.71ZI908E 02 2.?IZ?qO8E 02 1.1635643£-03 1.*6687531-02 1.7068039E-05 3.3018185E OZ
8.785,533E-03 2.?09339,E 02 2.?0953qM_E 02 1.1295526£-03 L.50961**E-02 1.7081889E-O5 3.Z998393E 02

8.5180215E-03 2.106117BE 02 2.7061178E OZ 1.0965534E-03 1.5534932£-02 1.7034883E-05 3.2977550E 02
8.2583286E-03 2.7025298E 02 2.7025298E 02 |._6,5337E-03 |.5985.*0_0Z 1.70170*OE-05 3.2955681E O_

8.0061513E-03 2.6987793E OZ 2.6987793E 02 1.033,612£-03 Lo6**8006b-OZ 1.6998377E-05 3.2932805E 02

7.7612761E-03 2.6q*Sb99E 02 2.69.8699E 02 [.0033052E-03 1.69229751-02 1.6978910E-05 3.2qO89**E 02

7.523*920£-03 2.6908037E 02 Z.690805?E 02 q.7*O3572E-0* _.7410715_o02 1.6958658£-05 3.2884119E OZ

7.292598*E-03 2.6865905E 02 2.6865905E 02 9..562420E-04 1.7911596_-0Z 1.6937638£-05 3.2858353E OZ

7.0683973E-03 2.6822_77E 02 _.68_277E 02 9.[80,309£-04 1.8,_6005E-02 1.6qI5866E-05 3.28316625 02

6.8506990E-03 2.6777211E 02 2.6?772[IE 02 8.9126593E-04 1.895,3,ZE-02 1.6893359£-05 3. Z80*O6qE 02

6-6393[q?EJ03 2.b7307,SE 02 2.67307,SE 02 8.6SZ6723E-O* 1.9.97023E-02 [.6870136E-05 3.2TTS595E 02

6.,3.0772E-03 2.668291,E 02 2.66829|*E O2 8.*0022.3E-0, 2.0O5**?*£-02 1.68,6209£-05 3.Z?*6258E 02

6.23,80,1E-03 Z.b633759E 02 2.6633759E 02 8.1550777E-0. 2.06271,61:-02 1.6821598Eo05 3.2716081£ 02
6o0,13283E-03 Z.65833|3E 02 2.6583313E 02 ?.91700*0£-0* 2.1215500_-02 1.6796320E-05 3.268508.E 02

5.8534791E-03 Z,bS_I610E 0Z 2.6531610E 02 7.6857846E-0, Z.1820008£-02 1.67T0388£-05 3. Z653283E 02
5.6711066E-03 Zo6*78688E 0Z 2.6478688£ 02 7.*61Z072E-04 2.Z44LL68E-02 1.67"382lE-05 3o2620700E 02

5_9_05_9_-Q3 Z.b*Z*58*E OZ Z.6*2458*E 02 7.2430671E-0, 2.307q.96£-02 [.6718634_-05 3.2587358E 02

5o322[716E'-03 2.6369328E 02 2.636q32BE 02 7.03|1693E-0, 2.373551,£-0Z 1.66888.2£-05 3.2553287E 02



14.28 TABLE 14. 11 (Continued)

GEOMETRIC

ALTITUOE

meters

36000.

36500.

....... 36750.

....... 37000.
37250.

_TppQ,

37750.

38000.

........ 38250,
38500.

387_V,

39000.

3925U.

39500°
39750.

40000.

40¢pO,
40500.

.......... _o7_o.

41000.

41250.

4|_Q9.
4L750.

42000.

42250.
4250U.

43000.
4325U.

4350_.

43750.

.,Es-i i .cos,T.i. EoL,-I ,----IRATIO RATIO RATIO WEIGHT DIFFERENCE

s.0g40446E-03 6.2231737E-03 8,596TI64E-O| 2.8964400E OI 1.01183401 01

4192187596-03 5.�qT3196E-03 8.6147428_-01
4.TSSq53qE-03 5.78016666-03 8.6328131E-01

4.5q60367_-03 5.57136566°03 8.650q2106-01

4.44189806-03 5.37058896-03 8.6690596_-01

4*2933116E-03 5.1775097E-03 8.68722276-01
4.15006916-0_ 4.q918_876-03 8.7054015_-01

4.01196416-03 4.81324826-03 8.72358876-01

3.87880286-03 4.6_14B966*03 8.741?T556-01

3.75039626-03 4.47628176°03 8.75995366-01
3.62656_36-03 4.31736636-03 8.77811376-01

3.50713286-03 4.16449386-03 8.79624626-01

3.3919357_-03 4.0174268E-03 8.81434096-01
3.280812ZE-03 3.87593556-03 8.83238806-01

3.1T360996-03 3.73980266-03 8*35037556-01
3.07017836-03 3*60881346-03 8.-1_82q386-01

2*9703779E-03 3*48276q16-03 8.88613021-01

2.8740708E-03 3.36147406-03 8.90387326-01

2.78112566-03 3.24474186°03 8.9215099_-01
2.69141786-03 3*13239506-03 8*q3902756-01

2.60482216-03 3.02425746-03 8.95641316-01

2.521Z2356-03 2.92016806-03 6.97365346-01

2._4051456-03 2.81996706-03 8.q9073346-01

2.36258196-03 2*72350306-03 q.0076388E-01

2.28732306-03 2*63062836-03 q*02435386-01

2,Z146388_-03 2.5412036E-03 q._08686E-0_
2.14443336-03 2.455094ZE-03 q*05716|26-01

Z._?_6|}_-03 2.3721695E-03 9.0732185E-01

2*01109336-03 2°29230756-03 q.08902296-01

|.94778336-03 2*213385ZE-03 q.10453826-01

1,8866062E-03 2.1412925E-03 9.1198069E-01
I.82747qlE-03 2.0699131E-03 9.1347SLqE-01

44000. 1¶77032966-03 2.00115126-03 9.14q37386-01
64250. I.TISOBIgE-03 1.934893_E-03 q.lb36533E-01
44S00. 1.66166726-03 1.87105266-03 q. ITTS?68E-01

44750. 11.610018_E-03 1.809328ZE-03 9.1qlIIg|E-01

45000. 1*5600692E*03 1.75023246o03 9.20426316-0|

4525U. 1.311T585_-03 1.693078_F-03 9.21698766*01

45_00, |*_6502396-03 1.63798486-03 9.22927176-01
4575U. 1.41q8|336-03 1.58486976-03 9.24109536-01

46000. 1.37606476-03 1.53365696-03 q.25243626-01

4625,. 1.33372856-03 1.484274_E*03 q.2632723k-01

1.29275086-03 1*43664936-03 9.2735821E-01

1.2330856E-03 1.390117_E-03 9.28334086-01

1.2146813E-03 1.346_0906-03 9.29252656-01
1.1_749436-03 1.3036640E-03 q.3011133E-01

1.14148026-03 |.2624218E-03 9.30q08196-01

46500.

........ 46150.

4700_.
4?250.

4?500.

47750.

.......... 4800_.

48250.

48500.
48750.

6900U.

k9250.

49500,
4_750.

50000.

50250.

$050C.

5075U*

$1000.

5123U.

51500.

1.10639706-03 1.2226250E-03 9.3|640156-01

1.0728034_-03 |.18421756-03 q.3230493E-01

1.04006076-03 I.IkT|46TE-03 q.3289990E-O_

Z.0083301_-03 1.313360,_-03 q.336aa_se-o]

9.4?52835E-04 L.0432772_*03 9.3417658E-01

9.1881199E-04 ;.01273qUE-03 9.33390586-01

8.90926|?_-04 9.831|6516-04 9.32555_7[-01
8.638472ZE-04 9.5437936E-04 q.316T348E-01

8.375514_-04 q.26497756-04 9.30744356-01

8.|701663_-04 8.99443?O_-Q4 91_976943E-01
7.872208_E-04 8.?319003E-04 q.2814972E*OI

7.6314294_-04 8.477106qE-04 9*27686||E-01

7.3976235E-04 8.22980366-04 9*_6579586-01

7.1705qZTE-04 7.9Bq74q6E-04 q. ZS43113E-OI

6.9501476E-04 7.7567||_ETO4q._]._:O_ _
6.1360863£-04 7.5304661E-04 q._ZOllB4E-01

6.32824346-04 7.3|O?9qOF*04 q.2174293_-01

6.32643666-04 7.09?50|1E-04 q.20435626-_!

6.330*_5_E-0_ 6*890373_*0* _._090_6_-0_

5.75555oo_-0_ 6.*q3e_e_-o_ 9. z6zq30o_-oz

3*5762286E-04 6*30410866-04 9.1686|4|E-01

5.4021380E-04 6.|197981_-06 q.13335996-01

W

0
k-

t-

1.0120091L Ol
1.0121778E 01

|.0123403E 01

1.0134q726 Ol

1.0126483_ Ol
1.01279406 01

1.0129343_ Ol

1.013069qE 01

1.01320051 Ol

1.0133264_ Ol
1.0134479P 01

|.01356506 01

1.01367816 ol

1.o137871_ Ol

1.01389236 01

1.0139938_ Ol
1.0140917_ Ol

1.0141862L Ol

1.01427T5_ Ol

1.01436566 ol
1.01465061 01

1.014532TF Ol

1.0146119_ 01

1.0146885_ Ol

_.0141624t O1
1.0148338k Ol

1.014q0286 p|

1.0|49694_ 01

1.0160338_ Ol

1.0150q60L 01
1*01_13616 Ol

1.0162142[ Ol

1.0152704E 01

1.0153248E 01

1.01537731 Ol

1.0|542816 0|
1.0154772_ 01

1.0155247_ 01

1.01_5?07[ Ol

1.0156152[ _1

1.0156583_ Ol

1.0157000L Ol
|.0151403E 01

I.OISTT93E Ol

1.015817ZE 01

1.01_8_)8_ 01
1.0158893E Ol

1.015q236_ OI

l*015956q[ O|

1.01598926 01

,__ _ _L...o_..lkoJ o_ _ o; ...........

_.o16o511L 01
1.0160803£ 0!

L.0161086E Ol

1.0161362[ Ol

1*01616296 01

1.016188q[__J ........

1.01621416 01
1.0162386k 01

5173_.

5_000.

52250.
5_500.

52_p0.

53000.

5325o.

53500.

5373_.

1.0162624[ 01

1.0162854L Ol

1.01632q6L 01

[.0163508_ ol
1.01637136 ol

1.0163012_ 01

....... J....QJb_Lob.,(._.o_.]_ .............

|*0|64293E 01

1.0164416# O|

1.0164653k 01
5.233|313_-04 5.94076|8E-04 q. llg3751k-01 28964400_ OI 1.0i64825_ Ol



TABLE 14. 11 (Continued)

14.29

I K E,oIvRTo,LIK'-°I IALTITUOE TEMPERATURE ,TEMPERATURE OENSITY VISCOSITY OF VISCOSITY SO/JqD

meows _tm_ cm'Z de;Feet K _ets K i kg m-3 mZ se¢-_ newto_-Iec m-2 m WC'*

54000.

54250.
_4500.

54750.

5_00_.

55250.

55500.

55750.

55000.

56_50.
56500*

56?50.

57000.

57Z53.

57_00.

57?50.

58000.

_OZSOo

58500.

5_f50.

59000.

59Z50.

59500.

59750.

6000U.

6o_50.
60500.

60?50.

6|000.

6L250.
61500,

6L150.

62000,

62250.

6_500.

6_750.

63000.

63250.

63500.

63750.

5.1553L3_!E-O_ 2.b3LZ956E OZ 2._]12qS6E 02 6.R25322tE-04 Z.4409778_-02 L.6660k60E-O_ ].ZSL8452E 02

4.9933376_-03 Z.b255506E 02 2._255506E 02 6.62534[8E-04 z. SLO2866L-02 [.663L507r-05 3.24829_4E 02
4.8361087_-03 2,6L?70/OE 02 2._1970LOt 02 6o4_LO530E-04 2.581536|L-02 1.660L996_-05 5.2446728E 02

4.6834927E-0_ 2.6L3150ZE 02 2.6137502E 02 6.2422_39_-04 _.6547886E-OZ l.b57L943k-05 3.2_09855E 02

4.391586o_-03 Z.6015581E _2 Z.601_58|E 02 5.RR065376-04 Z.807556_-_2 1.6510_706-05 3.2334_78E O_

4.Z52046_-03 Z.Sq53257E 02 Z,_q53137E _2 5,_07475Zc-04 _.887Z090k-02 1.6478682k-05 5°2Z954LIE 02

4.116625_E-03 2.58g0011E 02 2._890011E 02 5.539_9_q_-04 2.969132_-02 1.64_6611_-05 3.2256049E 02

3.985_05_E-03 2,_SZS_34E 02 _.582593_E 02 5.3756684£-04 _.0534Ct_-02 1.64|6072E-05 3.2ZIbIOBE 02

3.73_gZT_t-03 2.5695569E OZ 2.569556_k OZ 5°P623109E-04 3.22_286_L-02 |.634765Z£-05 5,2136569E OZ

3.6138545E-03 2.5628940E 02 2.56285_OE 02 4.9122195C-04 3.3210649_-0Z |.6313800E-05 3.2093004E 0Z

3.4973535t-03 2._561786E 02 2.5561786E 02 4.7663518E-04 3.4155129E-02 1.6279536E-0_ 3.2050951E 02

5._R_3247E-03 2o_49394|E OZ 2.549394|E 02 _.6245854E-04 3.51Z7209C-02 1.624487Rk-05 3. ZOO8_b8E 02

3,1682985E-03 2,5356290E 02 2,5356290E 02 4,_528944E-04 3,7157872L-02 1.61744306-05 3.1921859E 02

3,065t1436-0_ 2.5286545E 02 2,5286545E OZ 4,22Z?457e-04 3,SZI84Z_E-OZ 1.6138668E-05 3,1877907E 02

2.965029_E-03 2._216226E 02 Z,SZ162_6E 02 4o_9625_0_-0_ 3.9310486_-02 1,6102565E-0_ 3,183355_E 02

2.867_56_E-03 Z._|45360E 02 2.5145560E 02 3.9133101E-04 4,0635160£-02 1.6066135E-0_ 3,1788789_ 02

2.6_251_6_-0_ 2.50OZIOIE 02 2.500210|E 02 3.737689ZE-0_ 4.2786710E-02 1,_992346e-05 3.1698|05E 02
2.59398(}ZE-03 2.492776()E 02 2.4929760E 02 3._248189E-04 4.4016023E-52 1.59550L16o05 3.16522L_E 02

2,5081352_-0_ 2.485695_E 02 2.485698t_ 02 3.5151Z13[-_ 4.5282651E-02 1.59tT401E-05 3.1605979E 02

2,4249023_-03 2,47837936 02 2,4783793E 02 3,4085073E-04 4.6567926_-02 1.5879529E-05 3.15594_5E OZ

Z.34kZO8ZE-03 2.6710222E 02 2,6710222E 02 3._0489Z06-06 4.7933206_-02 1.5841407E-05 3.1512538E 02

2.1901511E-05 2.4562030E 02 2.4562030E 02 3.1063299E-04 5.0749477_-02 1.5764462E-05 3,1417902E 02

2,1166509E-03 2,4487_55E 02 2,4487455_ 02 3,0112260_-04 5,2223448k-OZ L,ST2566|E-05 3,1370170E OZ

2.0454161_-03 Z,k_I2598E 02 2,4412_98E _2 2,0188045k--04 5.3743437E-02 1._686659E-05 3,15221eSE OZ
[.976377[_-03 Z.433767bE 02 Z.4337476_ 02 2,8289_40_-04 5,53_105_Eo02 |.5647464E-05 3.1273955E 02

1.909_76_k-0_ _2_LL___4262118E 02 _Z_._6_..L_22-Z_J_6__-6928059_-o_ 1.660R_93_-05 3.1_25500_ _2
L.844653|E-03 2._|86563_ OZ 2,4|B6543E 02 2,65692/IE-06 5,85962UqE-OZ [.556855/E-05 3,/|768zqE O_

1.7818466E-03 2,_II07TBE 02 2.4110778E 02 2,5765233L--04 6,0317397k-02 1.5528854E-05 3, LIZ7960E OZ

1.7209993k-03 2.6034843E OZ Z,4034_43E 02 2.49_4634E-04 6,20_3563E-o2 L.568qOI2E-05 3.107890_E OZ

1,66Z0553_-03 Z.39587_4E 02 2°_958754_ 02 2,4166791E-04 6,3926700k-02 1,5_49032E-05 3,10ZgbT1E 02

1,60_9612E-03 2,5882540E 02 _,388_540E 02 2,3411097E-04 6,5818912[-02 1.5408929E-05 3.0980278E 02

1.5496626_-03 2.3806Z126 02 2._80621ZE 02 2,2676949E-04 6,7772386E-02 1,5368709E-05 3,0930732E 02
_o496L084E-03 Z,3¥Z_TqgE 02 2,]729799E OZ 2otqb_763E-04 6o9787435E-02 L,532_386_-05 3.088tOSZE 02

1._442482E-0_ 2.365_317E 02 2.3655317E 02 2,12709R2E-04 7,lOrZ414_-OZ [.5287968E-05 3,0831246E 02

1o39403406-03 Z,3576784E 02 2,3576786E 02 2.0598070E-04 7.4023755E-02 1o5247465E-05 3.0781327E 02

66000.

64250,

66500,

6_750.

650_G.

6_250.
65500.

65750.

66O00.

66250.

66500,

66750,

67000,

67250.

67500*

67750.

68000.

6_250,

68500.
68750,

69000.

69250.

69500,

69750.

70000.

70259.

70500.

70750.

71090.

7tZ59.

715_0,
71750.

t._4_4t70E-O) 2.3509217E 02 2.)5002|7E 02 l.g9444_3E-04 T.b2460TS_-02 1.52068B5_-05 3.0731304E 02

1.298351bE-03 2.342363BE 02 2o3425638E 02 1.9_09709E-06 7.854204a_-02 1.5166240E-05 3.0681192_ 02

1.25_7926_-03 2.334706_E 02 2.3347064E 02 1.86_]Z43E-04 8.0914468E-OZ L.SL25538E-05 3.0631001E 02

1.2086961E-03 2.3270509E 02 2.3270_09E 02 I.RO9660LE-04 8.3366234E-02 1.50847BTE-05 3.0580740E 02

1.1660196E-0_ _.3193981E 02 Z.3|9398_E 02 1.7513312E-04 8.5900316E-02 1.506_991_o05 3.0530_15E D2

1.1267208_-03 2.311751_E 02 2o3117515E 02 1.6948893E-04 8.8520058E-02 1.5003167k-05 3o9480046E 02
L.O847607E-03 Zo3041111E 02 2o_041|IIE 02 1.6400922£-06 9,1228521[-0Z Io4962319E-05 3.3_29636E 02

1.04609_9E-03 2.2966788E OZ 2o2964788E 02 Io5868945E-04 9.4029269E-02 1.4921453k-05 3.0379196E 02

L.0086976£-03 2.288B563E 02 2.2S$8563E 02 1.55525_9E-04 9,69_5850k-02 1.4880579E-05 3.0528736_ 02J

9.725189_-04 2.281Z_4bE 02 2.2812_66E 02 I._8_1282E-04 9o9922040E_0_2_2 _.4839704_-05 3.027S264E 021

_.375Z730E-04 Z.2736447E 02 2.2756_47E OZ 1.43647B_E-04 1.0302162E-01 I._798833E-05 5.0227787E 02
_.0368733E-04 2.26605BOE 02 2.2660580E UZ 1.38926_4Eo06 1.0622867E-01 Io4757972E-05 3.0_77313E 02

8.?096431£-04 _o2_54R65_ OZ 2oZ584865E 02 Lo5_3_472_-04 Io0954756E-0_ 1.4717133_-05 5.0t26856E 02

8o3932562Eo06 2.ZSO9302E 02 2._509302E 02 1.298qgosE-04 1.12982_5k-01 L.4676317E-05 3.0076_15E 02

8.087577_E-04 2.2433905E 02 2.2_33005E OZ 1.25585_2E-04 1.165380REo01 1.4635530E-05 3.0026000E 02

7.79169q_Eo04 Z.21586_OE 02 2.Z35R690E 02 Io2140136_-04 1,2021926E-01 I,_5967BZE-05 2,9975623E 02

7.505q[2BE-04 Z.228365_E 02 Z.2283655E OZ 1.1734236_-0_ 1.2403084t-01 1.4554075E-05 2. gq25283E 02

7.2297136Eo04 2.Z208819E 02 2.2208BIgE OZ 1.1340531_-0_ 1.2797823E-0_ 1.4515411E-05 2.9874991E 02
6.962_181Eo04 2.2134185E 02 2.2134183E 02 1.0,;58706_-06 1.3206667E-01 1.447Z799E-05 2o98Z4749E 02

5.70k9399E-04 2.2059755k 02 2,20597556 02 I.OS_844O_-O___.),t_3O_L(lE_Q_.}._,__j?,._LL_L_q_ z, gTY4563_ 02

6,_558910£-04 Z,Iq85545E 92 Z.1985545E 02 1,022941lk-04 |,4068984E-9L 1,439|743E-05 2,9724439E OZ

6.2151386E-04 2.19L1562_ 02 2,19LL562_ OZ 9.8813258E-05 L,4523667E-OL 1.4351309E-05 2,_674385E 02
5,982690_E-04 2,183780_E 92 2,1857805t O_ 9.5438879E-05 1,4994875E-01 1,431094L_-05 2.9624399_ O_

5,7582931E'04 Z.IT64278E 02 2,1764278E OZ 9.2168063E-95 1,5483280E-0[ 1.4270649E-05 2.9576485| O_

5,5414297_-04 2,1690992E 02 2,169099ZE 02 8.8997983E-05 1,5989589E-01 L,4230412E-05 2,9524650E OZ

5.33Z1321_-04 Z,I6179_gE 02 Z.IbL7939E 02 8,_925955E-05 1,651451_k-01 1.4190254E-05 2,9474890E 02

5,1300769_-04 2,1545138E 02 2.1545L38E 02 R.2949228E-05 1,705884LE-01 I._ISOLT?E-05 2.96252LBE 02

4.9359380_-94 2.[472581E 92 2,147258|E OZ 8.0065238E-05 L,7623349E-01 1,41L0177_-05 2.9375629t 02

4,7_67952E-04 2,140927LE 02 2,1400271E 02 7.72714_3E-05 1,8208870E-01 1,4070255Eo05 2,9326126E 02

4.565[352E-04 2,1328ZI4E 02 2.13ZB21_E 02 7,4565325E-05 1,881627ZE-0| 1.4030415E-05 2,92767L2E 02

4.389850_-04 2.1_56401_ 0 Z 2._56_0[E 02 7.19445|7_-0_ [_9446448t-01 1,3990653E-05 2.9227382_ 02
4.22075706-04 2.1L84835F 02 2.1184835E 02 6.9406629E-05 2,0100344_-0L 1*395097LE-05 2.9178139| 02



14.30

TABLE 14. ii (Continued)

GEOMETRIC I PRESSURE I DENSSTY I VISCOSITY I MOLECULAR I PRESSURE I

ALTITUOE RATIO RATIO RATIO WEIGHT DIFFERENCE

_Mtlets wnitiess uNtleSl ul_tless uflltk_ll I_Wt_S cm'i

54000.

54Z5_,.
545DG.

5475G.

55000.

55250°

_-- _5500.
55750.

- 56000.

_625o.
56500.

56750.

57000.
57250.

_TPO_,
57750.

58000.

58250.

5850u.

5875U.

59000.

59250.

59500.

59750.

60000.

60250.

6050C.

60750.

6tOOO.

6|250.

_,
6|750.

62000.
6Z250.

62600.

6275U.

63000.

63250.

63500.

6375d.

4.90979886-04 5.5q78708_-04 9.08¥04856-0|

4.7_520036-04 5.43371276-04 q.0709243_-01

4.6051375[-04 5.Z742183E-04 9.056504ZE-0!

4.65q482_-04 5.LIQ2483E-04 9,0)77960E-0|
4.31811456-04 4.9686704E-04 9.02080776-01

6.|8090956-04 4.8223513E-04 9°00354906-01

4.04775416-04 4.68016826-04 8.98602606-0|

3.91853326-04 4.54L9992E-04 6.968247%[-01

3.Tq31373E-Q4 4.40772716-06 6.q5022196-_;
3,671_5906-04 6.2772578E-04 B.93|957_E-0|

3.55339456-04 4.150422qE-O4 B.91346116-01

3*438R42_E-04 4.02717666-04 6._9474036-0|
3.3277048E-04 3°9073956E-04 8.,7580396-01

3.21988576-04 3*79098146-0_ 8*85665956-01
3*16529276-04 3.6778390E-04 8._373126E-0i

3.01383676-04 3.56787406-04 8*81777316-01

2.9154242_-04 3.46099726-04 8.79804746-01
Z.6t997556-04 3.3571214E-04 8°77814306o01

2.72740616-04 3.2561634_-Q4 6.75806676-01

2.6376353_-04 3.15804116-04 8.1378265E-0|
2.550582?6-04 3.0626749E-04 8.7|7427§£-01

2.486173_E-04 2.9699R946-04 8.69687866-01

Z.SB43336E-04 2.87990936-04 8.67GJ8616-01

Z.3049894L-04 2.79Z3629E-04 B.bS5357Le-01

E.22BO707_-_____,..TQT_799E-04 6.63439896-01
2.15350976-04 2.62A59626-06 8.6133162E-01

2.ORIZ393_-04 2.564239ZE*04 8.5921162Eo01

_.0|11q436-04 2.466|506E-04 8.57080656-01
1.943312ZE-04 2.3902681E-04 8.64q39166-01

1,B7.Tb312E-04_2,31653066-(_____._2787986-01
I°B137920_-04 2.2k48806E-04 8*5062753E-0|

1.75203626-04 2.|7526|ZE-04 8.484586|E-_|

1.6q220656-04 2.10761726-04 8.46281746-0!
1.634Z_90_-06 2.0418957E-06 8.440973ZE-01

|.578|101_-04 /.97804586-04 8.419_6206-01

1.52373676-04 1.q16016_E-04 6.3970866E-0!

1.4710784_-04 1.B557680E-0_ 6.$7505526-01

1.4_00859_-04 1.7972236E-0a 6.35297186-01
1.3707117_-04 1.7_036816-04 8.3308420(-0!

6_OOU*

6425u.

64500.

64750.

65000.

65250.

65200.

65756.

6600U*

66256.

5*0690643_-04 5.76683786-04 q*10286786-01 289644006 OI !.0164972E 01

1.01651546 Ol

I.0165311[ 01

1*0!65464_ 01

1*0!65612t.__.___
1*0165755_ 01

1.01658956 01
|*0166030[ O|

66500.

66750.

6700u.

6_250.

67590.

1.32290816-04 1.6851453E-04 8.3086702[-0!

1.27663016-04 1.63!51216-04 8.26646246-0!

1.231_3_E-04 !.57q42596-04 8.26422_1_-01

1.18847466-04 1.52884556-0_ 8o241q5876-01

1.1465120[-_4 1.47q73146o04 8*21q6686E-01
1.10590416-04 1.43204266-04 8.1q73635_-01

1*0666126E-04 1.3857435E-0_ 8.17504496-01

1.02859766-04 1.34079586-04 8o1_27168E°01

q.qlBZ203_-05 1.2q7!6386-04 8.1503844k-01

q.562485_L-0_ 1.25481166-0_ 8.!0605126-01
9*218424!E-05 1.2137064E-04 8.0857Z016-01

6.88568596-05 1.17381466-04 8.06339496-0!

67750.

66000,

6825u.
6860U.

68750.

6_OOU*

69250.

69500.
6q750,

70000.

6.$63930_b-05 1.13510286-04 8.04108156-01

8.2528344_-05 1.0975408E-04 8.0187805E-0!

7.9_207546-05 !.06!09726-04 7.9964957E-0L_
7.66134336°05 i.025742b6-04 7.97423206-0!

7.35033B_6-05 q.91446516-05 7.9519892E-01

1.10576016-05 q.58181q_-05 ?.q2q7726_-O1

e.s*63zq_E-05 q.zsezos_e-o5 7._o75_3_e-o!

b*347195bE-05 8.6630!42k-05 7*86329626-01

6.11115886-05 8.348_1066-05 7._41204Z£-0!

5.882600_L-05 8.06380316-05 7.8!914796-01

5*66!RbB:_E-05 7*7874_60t*05 7*79712846°0!

5.44812_E-05 7.51963026-05 7.1751489_*01 ----

...... _OZ_O_ .... 5.2429252E_0___7.26003906-_5 7.75320776°0!
7_500. _*0_42504C-05 _.00R53006-05 7.73!]1056-0!

70750, 4.8524745E-05 6*76455656o05 7.?0945536-0_

71000. 4.6673Rl_E-05 6.528BO2SE-05 7.687643!E-0!

7[Z50. 4,4_87602E-05 6,300158HE-05 7.b658753E°O!

7!50_. 1_._ _%3_6407_-05 8.0_ZL_I__-oS_ 7._Z._____%_ZL-o__
7!750. 4*150!23_-05 5*864ZQ|4E-O5 7.622"6948-0! 2 8_64400E OI

1.016616Z_ 01

1.0166289601
1.01664136 0!

1.01665336 Ol

1.0|66650[ Ol
1.0166763E 01

1.0166R726 31

1.0166979t 01

1.01670826 01

1.0167182_ 01
1.01672791 0|

1.01673?36 O_

1.0!67464_ 0|
1.01675536 01

1.0167639_ 01

!.016?7226 Ol

1.01678036 01

1.0167881E Q1

1.0167q57[ 01!.0168030F 01

_ 1*01681016 01
1.0168171_ U!

1=01682366 01

1.0168302k 01
0

1.0!683651 Ul
1*0168426E 01

Z

1.0166685L O|
1.0168542[ Q_

1*01685971 Ol

1.0!68651_ Ol
1.0168703_ 01

1*01687536 01

1.0168802_ Ol

|.0!6884Q[ 011.0168894L 01

1.01689356 Ol

1*0165981[ Ol1.0169022_ O!

1.016q062_ Ol

l*016qlOlE 01

1.016q1386 Ol

1.0J69174[ Ol
1*0!692106 01

1*0!69243[ _1

!*016q2766 01

1.0169308_ 01

1.01693_86 Ol
|*01693681 01

1.0169396_ 01

!*0!69424t o|

1.016q45|[ ol

I*01695011 01

i°Ol6gSZSt 01

1.01605491 O!

1.0169571[ 01

1.0169593_ O!

1.016q654_ 01

1.016q672_ Ol
!.o16q6_![ o!

!.Ot6_TZSL o_



TABLE 14. 11 (Continued)

14.31

GEOMETRIC

ALllTUBE

m_lwl

72000.

72250°

72_00.

73000°

73250.

73500,

737_0o

74000°

74250°
74500.

7475u.

75000°

75250•

75500,

75750•

76000,

76250,

76500,

76750+

7700U.

77250•

77_NQ.
77750•

78000°

782§0o
78500,

78750°

79000,

79250°

79500,
79750°

80000°

80250,

80500°

80750,

8L000,

8L250•

8150u•

8L750°

82000.

82250°
82500,

_2 Tso.

8_000.

03250°

83500°

83750°

84000•

F_J_SSUR[ I KINETIC VIRTUAL. _NEMATIC COEFF¢IENT SPEED OF
TEMPERATURIE TEMPERATURE DENSITY V_COSIT Y OF VISCO_TY SOUNO

r4q_ronl Cm'Z I de_eu K de_'qNI6 K kg m -3 m z sec "1 nlmton-sec m'2 m la: "l

4,0576003k-04 2,tIL35|BE 02 Z,111_SLBE 02 6,6949356_-05 2,O7789476-0! 1•391137LE-05 Z,9LZIqSSE OZ

3,9002#916-04 2,10624_1E 02 2,|0424_|E 02 6,65?0475E-05 Z,L683266E-01 L,387L867£-05 2,9079913E 02

3•7686991E-04 2,097L612E 02 2•097L612E 02 6,2267774_-05 2•2214388£-01 L,5832405£-05 2o9030931E 02

• 02 6 z - 6 ,090 9 0 - 4 -

3.66tO86h_-06 2*0830656E 02 2*_830656£ 02 5.7882_63£-05 Z.3761506L-0| t.3753766£-05 2*8933206E 02
t,325075t£-06 2o0760531E 02 2,_76053|k 02 5o5795702E-05 Z,4579899E-UL L,3714527E-O5 2o8886462£02

3o19_976_E-06 2,0690623E 02 2o_69062_£ 02 5,377692[_o05 2,5629823_-O| t,3675376_-05 2,8835789E 02

3,0676280_--06 2,0620942E 02 2,0620962E 02 5,18261|9£-05 2,6312665_-ol 1,3636297E-05 2,8787192E 02

2,765_748£-04 2,0551462E 02 2,3551662£ 02 6,9935690E-05 2,7229680E-0! 1,3597275E-O5 2,87886_3E 02

2,8285667E-04 2,0482191_ 02 2,0482tqlE 02 6,8109125E-05 2,Si82420E-0t 1o3555316£-O5 2,8690179E 02

2,7155515E-06 2,041311_E 02 2,_13115E 02 6,_363256£-O5 2,9172336E-Ot L,SSLe410E-05 2,86_1758E 02
2,6066926E-04 2,0344220E 02 2,0346220E 02 4,4636129E-05 3°0200992E-01 1,3_80556_-05 2,8593385E 02

_,_018505£-04 2,0275699E_02 2,0275699_ o_ 6,2986051E-05 _,[_,._Q.Q.QSE:O___Le___6__L_ -
2.6008918£-06 2.0206_47E 02 2°0206947E 02 4.1391349k-05 3.2381085E-_1 1.3602968k-05 2o8496755E 02

2,3036834E-04 2,0138565E 02 2,0_8565£ 02 8,9850578£-O5 3o_5_6007_-01 L,336_226E-O5 2,8668682E 0_

2,210101_£-06 2,0070282E 02 2,0070282£ 02 _,_361550£-05 3o6736598£-01 1,3325508E-O5 2,8400225E 02

2,1200230E-04 2,0002147_ 02 2°0002167E 02 3,6923603E-05 3,5984789_-01 1,3286809£-05 2,8551977E 02

Z,053_299_-04 1,993_132_ 02 L,g936132E 02 3,_36_}97-05 T_,_3.t._,_,_5__-0_ 6 6 -

L,9499060£-04 1o9866205E 0Z 1,9866205( 02 3,619291flE-O5 3,8632086E-+1 1,3209636E-O5 2,8255668E 02

1,8696371£-06 l*979H_b6E 02 1,9798)64E 02 3,2891717_-05 6,OO356|9E-O| 1,_1_0/39E-O5 2,820718)E 02

L,7924L87b-04 L,q730592E 02 1,+)730592E 0Z 3,166_531_-05 6,1494902E-01 L,3132029E-O5 2,815886)E 02

L,/L8L453£-O6 1,9662865_ 02 1,9662865_ 02 3,_660435E-05 6,30L2822_-0L 1,509329Ok-05 2o8LL0692E 02

1,6667127£-06 1,9595|6(PE 02 1,_595169E 02 2,9276652£-O___4_._.?__L__[__L_f_).,f_._j_5_-O52,_

1,5780237k-04 1,9527467E 02 |o_527487E 02 2,8151717E-05 _,6234101E-01 1,3015694E-05 2,8013555E 02

1,5119831E-0_ 1,9459798E 02 1,_459798E 02 2,1067389k-05 4,7942609E-0[ 1,2976813E-O5 2,7966961E 02

E,6686968E-06 1o9392081E 02 1,_392081E 02 2,6021416E-05 4,972U054C-01 1,2937861_-05 2,7916261E 02

L.387475_E-06 1.9326316E 02 1.9324316K OZ 2°5012613E-05 5.1569290£-01 1.2898827E-05 2.7867463E 02

_,32_8332£-04 1,9256677EO2 L,9256_77_ 0_ 2,_0398_8£-05 5,_369 86P-0[E, 94 -O 4

1,2726843E-04 1,9188567E 02 1,_|88567E 02 2,_IOtgZ2E-05 5,549518Ok-01 1,2820653£-05 2,7769376E 02
1,2183671E-O6 1o9120492E 02 1,)120492£ 02 2o21_7789£-O5 5,7578186E-01 1,2781084E-05 2o7720087E 02

1,1663628£-06 E,9052299E 02 1,)052299E 02 2,1326351£-05 5,97_5705E-01 1,2741579E-05 2,1670611E 02

L,LL63954£-04 L,898_q32E 02 1o8985932E 02 2,O_87E-05 6,2_ULISOE-01 L,2701qlSk-05 2,7620920E 02

L,0686305£-06 L,8915372[ 02 1._9L5372_ 02 L,q677466E-05 6°4348L33_-01 1,2662082E-O5 2,7570998E 02

L,02237_-0._t_ ,884659 1,_84 0 ,98 _ - - [) -
_,781627tE-05 [,8777551E 02 1,8777551E 02 1,_167211E-05 6,9332055k-01 1,2581835£-05 2, r670371E 02

9,3572375£-05 1,8708234E 02 1o8708236E 02 L,742619LE-05 7,1976859_-U1 lo254138_-05 2o74Lgb2LE 02

8°9&99601£-05 1.8638606£ 02 L._638606E 02 L.67280L7E-05 7*4729094E-0[ L°ZSOObqSk-05 2o7368569E 02

8,559101LE-O5 L,8568662E 02 1,8568662£ 02 L,6057790E-05 7,7593166_-01 1,2_597_?£-05 2,7317183E 02

7,8264016£-05 1o8627562_ 02 1,_627562E 02 to_791815_-05 8,5676526E-01 1,2376981£-05 2o72131_6E 02

7.47938506-05 1.8356358E O_ 1._356558E 02 1.4196602k-05 8.69_1376_-01 1.2335131E-05 2.7160535E 02

_,1485155£-05 1.828469_E 02 1,8286696£ 02 1,3619_0E-05 9,0258818E-0E t,_292935_-O5 2oTL07664E 02
6,8312650£-05 1,8212515E 02 1,_212515E 02 1,306679tE-05 9,37_1932k-01 1,2250370E-05 2,7053908E 02

5_-_2712L_-05 L,8139796_02 I,SL39796E 02 1,2535078E-O5 8,7 6069E-0t , 74 0-0 q99846

6o2355813E-05 [o8066686£ 02 1,_066686E 02 1,2023779E-G5 1,0116662L 00 1,2164052_-05 2,6965229E 02

5,9552895E-05 1,8065000E 02 1,_0650OOE 02 1,1484251E-05 1,0591L76E 00 1,2163172E-05 2o6946122E 02

5,6875955E-05 I°8065000E 02 1o_0850OOE 02 1,0968027E-05 1,108966)_ 00 1o2163172_-05 2°6966122E 02

5,6319563E-05 1,8065000E 02 1,8065000E 02 1,0675046E-05 1,16_157LC O0 1,2163172£-05 2,696_122E 02

5,L878215E-05 1,8065000E 02 1,80650OOE 02 [,C004256£-05 1,2L57997[ 00 1o2163172£o05 2,6966L22E 028425G,

86500°

96750.

85000°
85250,

85500,

85750,

86000,

86250,

4°9566789£-05 l,8065000E 02 |o_0bSOOOE 02 9,5866616£-06 1,27)0092[ 00 1o2163172£-O5 2°6964122£ 02

6°7320307£-05 1,8065000£ 02 1o8065000E 02 9,125_040£-06 t,3329060E 00 1,_163172E-O5 2o6966122E 02

4,5196038E-05 1,8065000£ 0Z t,8065000E 02 8,7|52717E-06 1,3956|60£ _0 L,2163172E-05 2,69_6122£ 02

6.3163665E_O51.8065000E 02 1,8065000_ O_ - 8,)236956E-06 1,6612710E 00 1,2163172E-O5 2,6946122E 02

4,1224272£-05 1,8065000£ 02 1,8065000E 02 7,9697376£-06 1,5_0009_£ OO 1,2163172E-O5 2,6964122£ 02

_,9372362£-05 1,8065000E 02 1o_065000£ 02 7o5926090_-06 |,6019753_ 00 L,2163172£-O5 2,h946122E 02

3,7603761E-05 1,8065000E 02 1,_065000E 02 7o2515500_-06 1o677320_[ O0 1,216_172E-05 2,6966122£ 02

3,591471_£-05 1,8065000E 02 1,80650OOE 02 6,9258360£-06 L,7562028E 00 1,2t63172£-O5 2,6966122E 02

3,6301675E-05 1o8065000£ 02 1,80650OOE 02 6o616775_£-06 1,83_7883k O0 I,_L6317ZE-05 2,6964L2_E 02
86500,

86750,

87000°
87250,

87500,

3,2761198E-05 1,8065000E 02 1,8065000E 02 6o3L770R3E-06 1,9252507E 00 1o2163172£-05 2°6964122£ 02

3o1290016E-05 1o8065000E 02 1,_065000_ 02 6,03400_7£-06 Zo0157716£ 00 1,2163172E-O5 2o6946122E 02

2.9885006£-05 1,806500OE 02 1o8065000E 02 5o7630599E-06 2o1105607L O0 1,2163172E-O5 2°6964122£ 02

2,8563187_-05 1o8065000_ 02 1,_0_50OO£ 02 5o5063019E-06 2o2097574E 00 1o2163172E-05 2o6944t22E 02

2°7261712£-05 1,8065000E 02 1,80650OOE 02 5°2571808£-06 2,3136302F 00 _,_<_L63172£oO5 2o6946122E 02
8775U.

88000,

_8250,
88500,

89000°

89250°

89_00.

89750,

2o6037863E-05 1,8065000E 02 1o80650OOE 02 5o0211726E-06 2o4223769E 00 1,2L63172_-O5 2,6946122E 02

2,4869065E-05 1,8065000E 02 1,80650OOE 02 4,79577_0E-06 2,5362261£ 00 1,2t63172£-O5 2,6944122E 02

Z,375277_E-05 1,8065000E 02 1,8065000£ 02 4,58051_0£-06 2,6564165£ O0 1,216_17Z£-05 2,6946LZ2E 02

2,2686698E-05 1,806500_E 02 1.8065000k 02 4=3749296£-06 Zo780198_t O0 [,2163172Eo05 2,6944122E 02

2,069_L5_£-O5 1,8065000E 02 1,80650OOE 02 3,9910710£-06 3,047596OE 00 1,2163172E-05 2,6946122E 02
1,9767675£-05 1,8065000E 02 1,80650OOE 02 3o81198_26-06 3,1907728E 00 1,2163172E-05 2,6946122E 02

L,8880533£o05 1,8065000E 02 1,8065000E 02 3°6409443£-06 3,3606642E 00 L,2L63L72£-05 2,6964L22E 02

1,8033652£-05 1,8065000E 02 1o_065000L 02 _o6775922E-Ob 3o4975866E O0 1,2163172£-05 2,6944122_ 02



14.32
TABLE 14. 11 (Continued)

I GEOMETRIC I

ALTITUOE

meters

7ZOOU.

72250.

72500.

7Z750o

73000.

73250.

73500.

7_750,

PRESSURE

RATIO

74000.

74250,
74500.

74750,

75000.

75250.

75500.
75750.

?6000.

76_.
76500.

7675U,

7700_,

77250,

7_9_,
7775u,

78000.

7H_50.

7d500.

78750 •

79000,

79220.

?qb0O.

79750.

8OOOu.

8025_,

ROSOU,
8UTSU.

81000,

81250.

I DENSITY I VISCOSITY I MOLECULAR

RATIO RATIO WEIGHT

u_fless urinal _ u_tills

3,9897164E-05 5,6566718E-05 7,6008329E-O1 289644OO£ OI 1,0169741E Ol
3,8349976E-05 5,455675qE-05 7,5792378E-01

3,6857865E-05 5,2611168E-05 7,5576879E-01

3,5419037t-05 5o0728135E-05 ?t_178?E-Ol

3,6D3LS04E-05 4,8qO5938E-05 7,5167093E-01

3,2694463E-05 4,71427q5E-05 7,4932821E-01

_,|405413E-05 4,54370qlE-05 7,4718909E-01
3,0163064E-05 4,378713_E-05 7,4505590E-01

2.896590|E-05 4,21913qbE-05 7,4292|82E-C1

2,7812427E-O5 _,O848287E-05 7,407q321E-01

2,6701201_-05 3,9|56253E-05 7,38667518-0!
2.5630825E-05 3.77L387LE-O5 7,3654450E-01

2,45qq944E-05 _,8319690E-05 7,_6230__--01

2,3607244_-05 3.4972298Eo05 7,3230540E-OL

2,ZbS142bE-05 3,3670304E-05 7,3018862E-0|
2,1731263E-05 3,2612392E-05 7,2807317E-Oi

2.O865569E-05 3.1197249E-05 7.2595872E-O!

[.9_9_|20E-05 3.0023606b-05 7.?3845_Lf._)_L_

[,9|728198-O5 2.8890Z07_-05 7.2|73L|4E-OL
1.8383583E-05 2.7795874E-05 7.1961697E-01

|,7626314E-05 2,673960|E-05 7,|75019§E-0|

1,6896006_-05 2.57|967_[-05 7.1538536E-01

_,61q|b31E-05 2,4735_6._-0_ 7,|326679E-_1

1,bS|6232E-05 2,3785894E-O5 7,|H4566_-01

|,4868875E-05 2,286q726E-05 7,u�O2130E-01
|,6742634_-05 Z,lq85qb2E-05 7,ObSq307E-01

Z.364263_E-05 Z.H33808E-05 7o047603SE-0|

1.25||qSbE-05 1.95|9231E-05 7.0047820E-0!

1,1979641_-O5 1,8755312F-05 6.98327|8E-0|

|.|468298E-05 |.80Z?OI_E-05 6°q6Z#e_PE-OZ
1.0qT7180E-O_ |.7309487E-05 6.q_,OOZSqe-O|

L,0505556_-05 |,8625848E-05 6oq|OZSL9E-O|

9,6|7979_-06 _,533_908E-05 6,KT_ObSE-0|

9,_006q03_-06 1*47220|3E-05 6,_523062E°0!

H.BOOZO7_E-Oe 1.4|33803E-05 8._300741E-01

B,4159068E-06 1,35675|7E-05 6,flO77012E-01

8ZSOQ,__ nJ_o__71_.3ozz,_L,t,E_.__bjl__
8175U. 7.6934987_-06 |.2_qTOTZE-OS 6.7624797E-0|

82000° 7,3542544E°06 L,|qqSLO7Eo05 6,7396140E-0|

82_5U. 7.0289205E-06 1o1507488E-05 6.7|65588E-0|

825_0, b,7169775E-06 |°|04038BE-05 6°6933023E-01

82750, 6,4[7_222_-08 I,O591|J_Eo05 6,8698355E-O1

83000. 6,1312594E-06 1,0|S9|08E-D5 6,646|403_-O|

83_5U, 5o8556570E-06 9°703ZSUbE-O6 6,6656598E-O|

85200, 5°5924617E-Ob 9*267083bE-Ob 6,6_S6598E-O|

83750, 5,3610771_-06 8,85G5540_-06 6,6456598E-01

5.|OLO289E-Ob 8.4527768E-06 b.b456598E-O|

4.87_7868E-06 8.0729058E-06 6.6456598E-0!

4,6528635E-08 7,7|O1340E-08 6,6656_qBE-O|

4,6437959_-06 7,3636q03E-08 6,6656598E-O|

4._44|337_-06 7,032838q_-06 6,b_56598E-01
4,0536588E-06 6,?|68768E-06 6,6456598E-0|

3,87|364_-08 6,4|5|324E-08 6,6456598E-O1

3,bqT462BE-O6 b°12696_6E-06 6,84_8590E-O|

_,55|3858_-06 5,85|7637_o06 6,6456598E-0|

3.3727808E-08 5,588943Z_.08 6,h456598E-0|
3,22|3|0|¢-O6 5,3379458E-06 6,8456598E-01

5,0766232¢-06 5,0982388E-06 6,6456598E-0|

2,938S02_E-06 4,86_3133E-08 6,8656598E-0|

2,8065657E'08 4,8_08840E-06 6°8458598t-O|

I PRESSURE l

D_FFERENCE

r4_tons cm-2

84000,

84250.
84200.

84750.

8500_
82220.

82200.
82720.

86000°

86250.
86200.

86750.

87008.

87250.

1,0|67757L Ol

|,O1b9772E O|

z.o_b79_Z3L______

1,0169801_ O|

1,01698|5_ O]

|,018q828[ 01
LoOlbq840_ O1

1,0|bq852E O|

|,0|6q864_ O|

1,0|6q875r O|
1,0169886[ O|

1,0|89qO7_ O|

1°O|69917F O|
|,O|69926¢ O|

1,0169935E O|

---- 1,0169944_)_L ........

l,O169952E 01
1,016996OE Ot

1,0t69968| 01

|.0169975_ Ol

1.016998q_ O!

L |,0169996_ O|

I.OI70002E Ol|.0170008E UI

|tOlTOOl4E Ol

0 |.OlTO0_OF O|
|.OL?OO25E Ol
l.OlTOO30f Ol

1,O170035E Ol
1.0170040_ Ol

1.017OO45_ Oll.O|TDO49k UI

l,Olt0OS&_ Ol

1.0170058_ Ol

I.OI7006IL Ol
1.0170065_ Ol

1,0170069_ Ol

1,0170072E O|1.0170076_ Ol

1.0170079E OlI,OI7OOB2_ Ol

1,O1_0085_ Ol

1,0170088E Ol

l,O|70OqO_ Ol

1,0170093_ 01

1o0170092[ U|
1.0170098E Ol

l.OlTOlOOk o|

I.OL7OIO2E Ol

1.0170104! Ol

l.0170106E Ol

I,OLTOIO8E Ol

|.0| _O|Oqe _;

I,OI70IlIE Ol

..... _.J,.._o_±_l_L_ O_L ...........

|.o|7otl_ o|

1.o170116E o|

1.o17o||7_ o|
|.OZ?O||9_ O|

87200.

8175U.

88000.

88_5U.

885_0,

8875Q,

89000,

99250.
89500.

09750.

2,5802248E-06 4,242479ZE-06 6.64565qSE-O/ I,OI7OI2|E Ol

2,4452984_-06 4,0520577E-06 6,6456_98E-O| |.0170122t Ol

2,33553q_E-06 3,8701%8_-06 6.6456598E-01 |,0170123E Ol

2,230714qE-06 3.6964570k-06 6.6458598E-01 1,0170124C Ol

2,0349907E-O6 _,3721279E-06 6,h456598E-01 |,0170126E Ol

|.9436763E-06 3.2208|34E-06 6._4S65_8E-0i 1.0170127E 01

1.8564663E-06 3.076299bE-06 6,6456598_-0! 1,0170128E Ol

1,7731751_-08 2,9382804E-06 6,6456598E-O| 289_44OOE OI 1,O170129E O|

\.

/



TABLE 14. 11 (Continued)

14.33

GEOMETRIC
PRESSURE

ALTITUDE

meters newtons cm'2

90000. 1.72244351-0S
91000. 1.43S7534E-05
92000. 1.2003841E-05
93000. - 1.00652521-05
?4000° 8.463S7211-06

95000_ ...... T.13624!9E_06
96000. 6.03304231-06
97000. 5.1139173E-06
98000. 4.34497|1E-06

KINETIC MOLECULAR DENSITY COEFFICIENT SPEED OF
TEMPERATURE TEMPERATURE OF VISCOSITY SOUND

deQrm K degrees K kQ m-3 newton-nee m-z m nec "1

1o8065000E 02 |.80650001 OZ 3.321580SE-06 1.2163172E-0S 2,69_1_21 02

1o83596481 02 1.83650001 02 2.723_95T_-06 1._340_1_E-05 2.7166927£ 02
1.86541221 02 1.86650001 02 2.24042281-06 1.25161261-05 2.73879191 02
1.89484211 OZ 1.89650001 OR 1.84888361-0b 1.269092[E-05 2,7607143E 02
1.924254_E 02 1.92650001 02 t.5304616E-06 1.28646|4E-05 2°78246401 02
1.95364941 02 L.gSbSO00E Q2 1.2706545E-06 1.)037Z[7_-05 2,80404501 02
1o98302_81 02 1.9865000E 02 1,05T99971-06 1.3208T4T£-O_ Z.82546111 02
2.01238681 02 2°01650001 02 8.8340379E-07 1.33792_61-05 2,84671b1_ 02
2.04172931 02 2.04650001 02 7o_9627241-07 1°3548638E-05 2,86781361 02

9900Qs__3_300S921E-Ob_.OZIO543E _2 2.07_5000E O_ 6.20S8653E-O/ 1.)T!TO28E-05 2.88875TIE 02

101000. 2.70576451-06 2.147B3361 02 2,156S0001 02 4.37097461-0T 1.4161117E-0S 2,94387TBE 02
102000. 2.32539351-06 2.1951949E 02 2.20_5000E 02 3.6713880E-07 1.443S101E-05 2,97781021 02
103000. ..... _OOS38_4E-Ob 2.24244S7_ 02 2.25bS000_ O_ ),0959915_-07 1_470b_081-05 3.0113b03102
104000. |.73511481-06 2.28958611 02 2°306S0001 02 2.62067111-07 1.4975097E-0S 3.0445407E 02
105000. _ _50600751-06 2.3366_591 02 2.35650001 O_ 2o2263T061-0_ 1,_!2231-05 3,0TT3633E 02
106000. 1.31110391-06 2.3835353E 02 2.4065000E 02 1.8979684E-0T 1._504842E-05 3.10983951 02
107000. 1.14473351-06 2,43034421 02 _.45650001 02 |.6233993E-0T 1.57660061-05 3.1419801E 02
108000. 1.0022554E-06 2.47T04271 02 2°50650001 02 1.39299/5E-07 1.60247671-05 3.17379521 0Z

111000° 6.84032581-0T Z.66413321 02 2oT0650001 02 B.RO4536TE-OB IoTO36T83E-OS 3.29T96_0E O_
l_2000. 6.06967571-0T 2.7S782001 O_ _.80650001 02" 7.5342[S2E-08 1.7529632E-05 3.35836251 G2
|13000. 5.40863841-0? 2.85116841 02 2.906S0001 02 6.48269161-08 1°8014180E-05 3.41767071 OZ

__4000. 4o83860731-07 2.9_417S_E 02 3_00650001 02 _.bObSbSTE-Q8 !_8_907561-053.475967_E_[_
1|5000. _°3446125E-07 3.0368503E 02 3.1065000E 02 4.87211418-08 1.8959675k-05 3.53330181 O_

__6000. 3.914_2321-0T 3.1291837102 3_2065000E 02 4_o_5290_01-08 1.9_212_0_-Q_ 3_segT20eE_O_
117000. 3._3844261-07 3.2211?87E 02 3.30650001 02 3o72804701-08 1.9875702E-05 3.b4526671 02
118000, 3,20824351-07 3.3_2835_E 02 3.4065000E 02 3.2809278E-08 2.03233_51-05 3o6999789E 02
1_9000. z.917Zlln_-07 3.4041s3e_ oz 3.so6sooo_ o2 z.ngsza35e-os z.07_441[-0_ 3.7_3e93e_ oz

120000. 2o6597710E-07 3.49S1338E 02 3.bO6SOOOE 02 2.5691890E-08 2.1199197E:05 3.80704SIE_02
121000. 2.43411011-07 3.68392_610_ 3.BO6SOOOEO22_2276765J-08 _,2050_QTE-O_S 3_91|1815102
122000. 2.2377934_-07 3.872178LE 02 4.00650001 02 1.94577481-08 2.28772531-05 4.0126162E 02
123000. * 2.06S81001-07 _.05990621 02 4.20650001 02 1.71083151-08 2.36866391-0S 4.11154931 02
124000. 1.9|419131-07 &.Z47LOSLE 02 4°_16S0001 02 1.51331491-08 2._T41251-05 4.20815TOE 02

125000° 1°7T975721-07 _.43377441 02 4.606S0001 02 1.34594541-08 2.$2_29_E-05 4.302S962E_
126000. 1.65993451-07 4.61991461 02 4.80650001 02 1.20309461-08 2.59c_216E-0S 4,3950065E 02

128000. 1.4560872E-07 4.9906068E 02 5.2065000E 02 9°7426983E-09 2.744811TE-05 4.5742298E OZ

129000. 1.368894SE-07 5.11S15891 02 5.4065000E 02 8.8204658E-09 2.8152533E-05 4.6612582E 02

130000. 1.2898417E-07 5.359181bE 02 5.60650001 02 8.01460891-09 2.8842997E-0__ 4.7_6b710E _[
131000° 1.21791751-07 5.S_267501 02 So8065000E 02 7.30703491-09 2.qS202ZTE-OS 4,83061321 02
132000. 1.15226501-07 5°72S63911 02 6,006S0001 02 6.6829S681-09 3.018_8901_0S 4o9131021E _
133000. 1°09215511o07 S.9080738E
134000. |.03696261-07 6.0899793E
135000° 9.86150051-08 6.27135531

_36000. 9,392S2041-08 6°45220201
137000. 8.95865001-08 6.63251941
138000. 8.S563661E-08 6o812307_E
L_9000. B,18258291-08 6.99156621

02 6.206S000E 02 6.13020941-09 3.08376011-0S 4.99422881 02

02 6°4065000E 02 5.6387_36E-09 3.1478926E-05 5,07_1_85_ 02
02 6°60650001 02 5.2000715E-09 3.21093961-0S 5o15265151 _
02 6.8065000E 02 _.80T242SE_Oqg__3_2729499E-OS 5_2_30Q6371 D_
02 7.0065000E 02 4.45429721-09 3.3339691E-05 5°3063467E Ol

02 7.4065000E 02 3.8487096E-09 3.4532020E-05 5.4557136E 02

140000. T.834S911E-08 7.17029551 02 T.606SO00E 02 3.58813861-09 3°5114925E-05 5.52888411 02

_42000° T.20669_E-08 7.52616631 02 B°O065000E 02 3.1356T581-09 3.62559561-05 5.67239_21 02
_j_3000. 6.922T957-E_08 7_Z033076F_02 8.20649990F_.938740SE-09 3.681471?E-Q5 5.7428046102

|44000. 6.65663361-08 7.8799|961 02 8°40650001 02 2.75852671-09 3.7366033E-05 5.8123620E 02
_&5000. b.406T172E-08 8.Q_bO0_3E 02 8.60649991 02 2.$932640_-09 3.T9101¥51-05 5.88109701 02
|46000° 6°1717079E-OS 8.23155S61 02 8.80650001 02 2.44140471-09 3.8447399E-0S 5o949037TE 02

_[4?000. S.9_040861-08 8.4065795102 9.0_b5000102 2,30159_SE_O93.89779__7-__QS_ 6.0_1_.1_E0_
148000. _.74173931-08 B.58107421 02 9.20649991 02 2°17263451-09 3o95020501-0_ 6°08264301 02
149000. 5.54472741-08 8.7S5039_E 02 9°40650001 02 2.0S34772E-09 4°0019922_-05 6.148)570E 02

150000.

!510oo.
152000.

J53o0o.
154000.
1__5000,
_56000.

IS7000_
15e000.

19"II_N,

5.35849431-08 8.92B_241 02 9.60649991 02 1.9431903E-09 4.05317681-05 6.2133762E 02
5.18132601o08 9°0_909691 02 9_7_6_0Q_ 02 1°85005491-09 4.091181TE-05 6°26169T41 02
_.0126367E-08 9.18948221 02 9.90650001 02 1.76272161-09 4.128860bE-05 6.3096486E 02

4.69863571-08 9.44964.49E 02 1.02065001 03 1.60373_31-09 4.20330571-0S 6.4044740E Ikl

4o41274231-08 9.7083302E 02 1.09065001 03 1.46314801-09 4.2765514E-0S 6.4979159E_

4.2793123_-08 9.$_736901 02|,06S6S00_ 03 1°39893381-09 4.31274341-0S 6.544136_E _
4.1517377E-08 9.9661385E 02 1.08065001 93 I°338389BE-09 4.34865bSE-9S 6.59003281_



t4.34

TABLE 14. 11 (Continued)

GEOImLt_IC

ALTITUDE

90000.
91000.
92000.
93000.
94000.
qpooo.

'96000.
97000,
98000.
99000.

PRESSURE DENSITY
VISCOSITY MOLECULAR PRESSURE

RATIO RATIO RATIO WEIGHT DIFFERENCE

oni#m unnleu un_leu umltlen newtons cm -2

1,69362691-06 2,8064633E-06 6,64565901-01 2,8964400E 01 1,0170130E G_

1,4_1T33_E-06 2,301;306E-06 6,7423916E-01 2,89559601 01 1,0170133E _|
1,1803016E-06 1,8929737E-06 6,838s054E-01 2,8947520E 01 1,0170135E 0|
9*_6B600E-OZ-_,5-r6Z_LS_I_ -6_9_O_r_3._IL93_OJI_OJ_OL__I,gLTOL37[_O.I
8,32197611-07 1,Z931146E-06 7*0289|011-01 2,89306401 01 1,0170139E 0|

5,93210911-07 8*9392306E-07 7*21693621-01 2,8913760E 01 1,0170141E 0|
5,0279678E-07 7,46_03811-07 7.3100764E-01 2.89053201 01 1.01701421 al
4,2T22794E-OT 6,2492440E-07 ?*4026446E-01 2,8896880E 01 1,0170143E 01

I00000, 3,10685471-07 4,4150850E007 7.5860950E-01 2,8880000E Ol 1,01¥0144E 01
.101000. 2,6604969E-07 3,6931154E-07 ?.73728771-01 2.88480001 01 1,0170144E 81

102000, 2.2864895E-07 3,10202201007 7.8869860E-01 2,8816000E 01 1,01701451 01
103000. _.97|83_2_-0_LS__608._7 8sJ_3_ZZI_L--___,,_ST84__OOE O| L.017014S._L
104000, 1,?060862E-07 2,21425231-07 8,18202671-01 2.07520001 01 1,0170145£ 01

106000, 1.2891690E-07 1,60362771-07 8,47146621-01 2,8688000E Ol 1,0170146E D|
,107000.

)ie8ooo.
1109000.

_110000.

|11000.
112000.

'|13000,
1114O00.

1115000.
1|16000,
_117000,
118000,
119000,

_120000.

1,12558201-07 1,37163941-07 8,61415971-01 2,8656000E OL 1,01701_61 81
9,85487631-08 1*|7696361-07 8,7559400E-01 Z,86240001 01 1,0170146E _|
8.6S136291-08 L*OL30207F-OT 8.89563601-01 2,OSg20OOE_L 1.01701461 _|

7.61_3421E-_PL___._44_876_.-_)_9.#3447S11-01 2_tU_)OOJ/L_J 1.0170146101
6,7258868E-08 7,4391119E-00 9,3084816E-01 2,85110001 01 1,0170146E O|
5,96812961-08 6.3657969E-06 9,57776201-01 2.8462000E 01 1.Ol7014&E 01

5,3181515E-08 5.4773431E-08 9,64250701-01 2,8413000E Ol 1,0170147E Ol

4,2719269E-08 4,11653711-08 L,0359102E O0 2,63150001 Ol 1,01701471 01

3*4792442E-06 3,14969411-08 1.08S9S971 O0 2*82169991 01 1*017014TE _i
3,1545694_-00 2,T7211511-08 1,1104184E O0 2,8167999E 01 1,01701471 _1

2,86840_71_08 2,44876131-08 1,134S1831 00 2,81190001 01 |,0170147[ _|

2,6152720E-08 2,17075421-08 1,1582723E O0 2.80700001 01 1.0170147E O|
121000,
122000,

12J000,
11-ooo.

il6000.
IJ_ooo.
l_800o.
1_9000.

11_0000.
i|_|000.
.|_000.
,15)000.

134000,
135000,
136000,
137000.

i_38000.
139000,

2o2003549E-08 1*6440203E-08 1,2500664E O0 2,79933_0E 01 1,0170147E el
2;0312489E-08 1,4455124E-08 1o2941800E O0 2,7955009E 01 1,01701_TE OI
1,6821667E-08 1,2786271E-08 1.3372063E O0 2,7916680E 01 1,0170147E 01
1,74998171-96 1.137_13SE_0_ J_9ZI_71E OOJ,_BT83_OL_|_L?OL47_
1,6321637E-08 L.0165163E-08 1,4202604E O0 2,7840019E OL 1,0170147E 0|
1-526646_O_9_L_5_Q9_4604051_Q__.?8_)690_lQ__l,_0J_?__J_
1,4317268E-08 8,2317816E-09 1,4996980E O0 2,7763360E 01 1,0170147E 01
1,3499928E-08 ?.4_257071-09 1,53818_6E O0 2.77250301 01 1°0L701471 Oi

1,19754161-08 6.1738_$6E-09 1,6|29130E 00 2,76483701 01 1,0170147£ O|
_.13Z98Z6E-O8 5.64655081-09 _*___.__1061 002.7610019EOJ_J._O__OJ47_
1,0738833E-08 5,179S24SE-09 1,6848911E 00 2,7571710E 01 1,0170147E 0|
1,0196_4ZE-08 4,7642509E-09 1,71993151 00 2,7533379E 01 1,01TQ|4_ o!
9.69651708-09 4,3936343E-09 1,7543789E O0 2,7495050E O| 1,0170147E 01

6,6087711£-09 3,76351611-09 1,8215992E O0 2,7418390E 01 1.01701471 01
+J.4|3+[?SE-09 3.4+947_,__96E_9_ I,SS_ZP4_ P+__Z,._?+!.3+JO_Sg_f,.OZ .I,+1!0_147_ 0_I

8,0456877E-09 3,2518442E-09 1,8867451E 00 2.7341730E Ol 1.0170147E Ol

140000, 7.10351781-09 3,0316831E-09 1,9185936E O0 2,73033991 01 1,0170147E 01
J4_O0_ ..... 7.3_435821-09 _+8316Z6_E-09 _94_96_8_ _ _Z6_0691 01 1,0170147_ 01
|42000. 7,0861259E-09 2.64938911-09 1,9809368E O0 2,7226740E 01 1,01701471 01

_L4__O_O-O____6_69/69E-O_9_,4829?_2_Og_OLL4661JL_Q__Z,7)8_41_E01 _L,9J_OI3_T_01
144000, 6,5452677E-09 2,3307289E-09 2,0415886E O0 2,7150080E 01 1,017014TE 01
145000, 6,2995325E-09 2.19109561*09 2,07131921 O0 Z,71117SOE 01 1.0170147E O|
146000, 6,0684548E-09 2.06278691-09 2,1006718[ O0 2,70734201 O_ L,0170147E 01
147000, 548_085791_09 _ 1,9_6573E-09 Z._LZ96597_ O0 2,TO)SOBqE 01 |,0_701_7[_1
148000, 5.6456797E-09 1,8356981E-09 2,1582954E O0 2,69967601 Ol 1,01?0147E 0|

149000. 5.45196371-09 |.?j_0200E-09 2,|66_90_E 00_2.6__4_30_F, 01._L.017014__01

1S--'-0600_- - 5---268846_E-09 1.6418366e-09 2.214556TE oo 2.69200001 oz --i.01701471 01
|_1000. S,09464201-09 |,_6314481-09 2,23532_ O0 _¢689_0001 Ol 1.017014TE 01

1S2000. 4,92877491-09 1,4893553E-09 2,255911?E 00 2,6868000E 01 1.01701471 Ol
_J3000, 4,T7072911-09 1.420095ZE-09 Z,_7633091 O0 _,68420001 01 1°01701471 +0_
164000, 4,62002721-09 1,3550249E-09 2,2965834E 00 2,68160001 01 1.0170147E 01

165000. 4,_6_262E-09 1,29383411-09 Z_166729_ OQ Z_6790000_: 01 _|.0170|47_+01
166000,- .... 4,3389168E'09 1,2362401E-09 2.3366031E O0 2,6764000E Ol L,0170147E 01
1_7000. 4.2077191E-07 _._819844E-09 2.356377_E 00 2.67_8000E 01 1.0170147E O|
1S8000, 4,08227891-09 L,1308297E-09 2,37S999SE O0 2,6712000E 01 1,0170147E Ol
_9_ ...... 3j96227081-09 1,0825S981-09 Z,3954726_ O0 _46686000E Ol 1.01701471 01



TABLE 14. 11 (Continued)

14.35

SPEED OF

SOUND

KINETIC MOLECULAR COEFFICIENT
PRE SSURE DENSITY

TEMPERATURE TEMPERATURE OF VISCOSITY

newtons cm "z dec]reel K degrees K kq m "3 newton-see m "?-

3.�12_g6L-08 [.02ZZ87_E _33 1.110b_OOE n3 1.22T]o_]c-O') 4.41 )6706F-J5

}.80(]5765£-08 [.0304H541 O_ [.[20_500C 03 Lo1H[48621-O9 4°44_[075t-_5

3°58874471-08 [o0_6H2846 3] |.l_0bb00E 03 _oC90043HE-09 4.4H�o393f-_5

GEOMETRIC

ALTITUDE

mltt,rs

L60000.

L6LGOb.

16400U.

165000.

_b700_.

l_80o3.

16900U.

LTOG30.

LTLO00.

172000.

174000.

175000°

[76000o

IT7OOU=

17SO00.

L79000.

IROO_U.

IRIOOc°

18ZbOu.

t83000.

3°_RQbOg_E-08 L.05A973(_ 03 1°I$06500£ 03 [.&5620[St-(_g 6.SLIT375L-O5

3.3921]OSt-08 1.0630gg_E 03 1°[606500L 03 l,C18/436E-09 4.535725RPo05

3.299L_1l¢-08 [.071208_C 03 1.17065001 o3 9._1r7_121-1o _.558605_=05

_.2096881c-0_ t.OT�Zg�_E 03 1.180bSOOE 03 _._/005[81-10 _.58[378qc-35

3.0_609_h-08 1°095426710_ I.Z0065001 03 8.R|94002_-10 _.6ZbOIO0_-_5

Z.9591111b-08 1.I034b_5£ 03 l._I06500_ _3 H._l_�l_O_-to 4.6430709t-05

Z.881306_-0o 1.i086877E 03 1._1765001 03 h.241370_E-10 4.654733l_-05

2.80599g3_-08 l.lL3899bE 03 1.2246503E 03 7._RZO_95L-_O 4°6RU]460E-05

2.662%020_-08 /.12_263_E 03 1.73865001 03 7.48823121-10 4.71/_260E-O5

Z°5g4L384E-O_ l°12945_t O_ 1°_56500E 03 _°_549%;4Lo1U 6.7268939L-J5

2.5279/74_-08 1.1346;39|E 0_ 1.25265001 03 T.O_OZbZIL-II, 4.7_Z_la3_-05

2°4_376221-06 L°L39T53_6 03 [._596500¢ 03 6on137b_lc-iu 4°_5768TTL-J5

2o401595_E-08 I.|_4_d4GE 03 l. Zb66_OOE C'_ 6.hq5_ZSl£-lD 4.7/301441-35

re StY.-I

6. 680879_; 02

6o7108889_ 02

6.7_07643k _

6,7705080k 02

6._0G1215¢ 32

O.829606bE 02

6.H589650E 02

b._bM_98[h 02

6.9/?_0791QZ

b°g$62955k 02

6°975162_r 02

6.99529931 02

7.015_775_ 02

7,_53985c02

7o_553626c 02

7.07527081 02

7°uQSI22g¢ 02

T°ii_glqS_ 02

7.L346613E O_

7._56348Qt 02

2130_0.

214000.

2t500U.

216000.

21700o.

21_OOU.

21900o.

220000.

222000,

22300U,

L.058570_E-08 1.274595&E 03 1.46565001 o3 2.SlbO�blt-10 5.1967837_-35 7.n7467B_E 02

1.0358013c-08 L.2774_39E 03 l._70ob00E 03 2._536u62E-1u b.2008688£-05 ?.687758Lc 02

1.013603RE-08 1.280_624E 03 1.4756bOOE 03 2.3926_9_6oLU b.21u9353_-u5 7./008L578 02

9.9196129_-09 1.2832310E 03 I._606500_ (_3 2.33386R_-I0 5._Z09_33C-05 r. T138512_ Ol

• .798584L_-09 L.2860897E C3 1._856500E 03 2.2_65497E-[U 5.Z3101Z_E-05 7.726H646E 02

9.5027g45E-O? 1,288938_E 03 I._9o6500_ 03 Z,ZZ(IdZ02_IO .5.24132_QkTd_557,73q88b_t_Q_

),302;398RE-0_ [.291777_6 03 I,_956500_ 03 ?*Z56649HC-[U 5,_5[016g_-_35 7*Z52H2b0L 02

_,I06_54_t-09 L,29460621 33 L,5006_00b 03 Z.L1198371-L0 _,2609917£-d_ 7.7657742_ OZ

_o9_5W_681-09 I._974_521 03 Io50565031 03 2o_6_{_[_t-I0 5.2709484P-05 7o77870071 02

_o3701_6aE-09 1.305H22%L 03 1.5206b09_ _3 Io91752731-L0 5.30011121-35 7.G1735231 02

8.1071492k-09 1.308601_E 03 1._2565001 03 1._+?L7_071-l_ _.3106966¥-ub 7.8301938_ 02

_,02R32821-09 Lo3113_IZt 63 1.5306_001 G3 1,E27_(}_h-lb 5o3_9_6_4_-_5 _,5_30_Zt 02

7.863570_E-09 L.3L_L306_ 03 L.03565061 03 L.7H3_7_7t-LU 5.33U314H_-_5 7.855hL371 0Z

7,70276571-09 L.316_80LE 03 L,5_065G0£ 03 L,7_L_?q5_-L3 5,3_OL47T_-05 7.ttbH59231 OZ

7.5k5803[¢-09 1.319b1971 03 I._45b_03_ 03 I870071701710 5.3499634_-u5 7.d81350_c 02

22_UOG.

22500U.

22bO3b.

227000.

22_00u.

229000.



14.36

TABLE 14. 11 (Continued)

GEOMETRIC PRESSURE

ALTITUDE RATIO

meters unltkm

160000. 3oB673873E-09
161000. 3.737090qE-09
162000. 3.630q267E-09
163000. 3.$287047E-09
164000. 3.43024S3E-09
165000. 3.3353799E-09
166000. 3.2439463E-09
|67000. 3.1557932E-09
|6BOOO. 3*070775D_-O9
|69000. 2.9887562E-09

D(NSITY VISCOSITY MOLECULAR PRESSUR[

RATI 0 RATI 0 WEIGHT DIFFER[NCE

unWen ueitleu un4tl_s newtons cm "2

q.gBZSgOZE-IO 2.4276052E O0 Z.6634000E 01 1.0|70147E O|
9.6132199E-10 2._0148DE 00 2.6608000E 01 1.0170147[ 01
9o2606717E-10 2.45302qLE O0 2.6582000E 01 1.0170147E O|

8.6024789E-10 2.4782096E O0 2.6530000E 01 1.0170147E 01
B-29_1866F.__I_,*IgOLLO_'_._JD_O_OOEJJL 1.017o1470 91
8.0014176E-10 2.503|536E O0 2.6678000E 01 hOITO14TE 01
7.7206651f-10 2.5155386E OO 2.&6S2OOQE Ol 1.01TO147E 91
7.6516706E-lO 2o5278666E O0 2.6426000E 01 1.0170167E 03

|70000. 2.90960SOE-09 7.|966070E-10 Z.S601386E O0 2.6400000E 01 1.0170147E e|

LTIO00. 2.8331025E-09 6-9649723[-J_0___,,_869(_[_)0 2°63725_Q[ 01 1.0170147Elll
|T2000. 2.7590567E-09 6.?_1608E-10 2.5S72266E OO 2.6345000E 01 1.0170147E 0|
2T3000. 2.6873697E-09 6.S316017E-10 2.5657305E O0 2.6317500E Ol 1-0170147E it

|?4000. 2°6179591E-09 6.3269617E-10 2.5762079E O0 2.6290000E 01 1.0170167E 0|;
|TSOOO. 2.5507383E-07 6,12J[_q_-E_]LO2.SB26SQ2E O0 2.6Z6Z_O_ O_ 1.017016?EO|
|,6000. 2.6858252E-09 5.9399869E-10 2.5910866E OO 2.6235000E 01 1.0170167E _|
|?TO00. 2.6225433E-09 5.7570663E-IQ__._J_L2_.OQ__Q_[__l JL_01_01_7[l_
170000. 2.3616169E-09 S.580TO93E-IO 2.5078583E O0 2.6180000E 01 1.0170147E 0|
|I_]K)O0. 2.3021?6DE-09 S.61OOOI3E-lO 2.61620?2£ O0 2.61S2SOOE 01 hO17016?E O1

180000. Z_Z_h]S]_I_-_Qa.__.TL_O_._-_L__iJ[OO 2.612S000__01 ].01_OJ_r_J_
181000. 2.1890781E-09 S.0891236E-10 2°632629qE O0 2.6097500E 01 1°0170167E _|

|83000. 2.0827361E-09 4.7898246E-10 2°6693562E O0 2.60_2500E 01 1.0170147£ 01
386000. 2.03194951-Qq 4.6680306E-10 2.6575799E OO 2.6015000E Ol 1.0170147_ Ol
185000. 1.9626777E-09 4.5111qZ4E-lO 206657816E O0 20596TSOOE 01 100170147E 01
186000, 1.93_8683_-Q9 _._79_1E-10 _.67)9_9J[00_?.5_599_0_Q_ 011,01_Q147_111
187000. 1.8886693E-09 4.2S15978E-10 2.6821137E O0 2°5932500E 01 1.01701_7E 01
188000. |,_J_3_-_6_|_Jg-9-E_Q_._Z-690_Za_'GE__O_._O_QOQEQ_ J_017014ZE.O_
189000. 1.7997101E-09 6.0095332E-19 2.6983523E O0 2.SOTTSOOE 01 1.0170167E 01

_90000. 1.7ST2572E-OQ 3.eq46827E-lO 2.7066370E O0 2.SOSOOOOE 01 1.0170167_ OZ
191000. I.T_Pg93_:_zTO_ZQITE-JOJ,TJ_Jg?7_;OO_?_.582_Z49E O| l_ql]OJ47_JJ
|_2000. 1.6758577E-Oq 3.6869758E-10 2.7179669E O0 2.57q2499E 01 1.0170147E 01
;9)000. |.6)681_4E-09 3_8_8940E-10 Z,71_68_5E O0 2_5763769E O; _,_l?0J_7__9J
194000. 1.5988302E-09 3.6918681E-10 2.7294108E O0 2.5735000E 01 1.0170167E 01
lq5000. 1.5618723E-09 3.3987338E-10 2.7351256_ O0 2.570626gE Ol 1.0170147E OI
196000. 1.5259087E-09 3.308_97E-10 2.7608290E O0 2.5677699E 01 1.0170147E Ol

lq6000. 1.6S68458E-09 3.1359948E-10 2.7522024E O0 2.5620000E 01 hOITO167E 01

ZOO000. 1.3916099E-09 2o9737S41E-10 2o7635311E O0 2_SSbZ69qE 01-11017-016_TE-_
_01000. 1.3599841E-09 2.8qb2SLIE-lO 2.769179DE O0 2.$533769E Ol 1.0170167E 01
,_02000. 1.32938S4E-09 2.8210S27E-10 2.776815qE O0 2.SSOSO00E 01 1.0170147E 01
203000. I._9_gsBqOE-09 2.7680822£r_J_]B_..J)F_O0 2.56762_E_LTJ)_L_7_J_L
_L_4000, 1.270S708E-09 2.67726SOE-10 2.1860572E O0 2.S_7499E 01 1.0170147E 01
J_QOQ ......... _,_4_?_081J_09 Z.b085308E-10 Z, T916617E OQ __118749E 01 1,0170147_01
_06000. L.214778DE-09 2.5418100E-10 2.7972554E O0 2.S3QOOOOE 01 1o0170167E 01
_07000. l.lO79S93E-Oq 2.67703TSE-10 2.8028386E OO 2.5361_49E 01 I.OITO16TE Ol
208000. |.1618311E-09 2.6141492E-10 2.8084112_ O0 2o5332499E 01 1.0170147E 01
?,_L____L_L363719E_-_ _2_$30833E-1_ 2,6139732E GQ_$3037hg£ 01 J_OLTO_

||0000.
211000.
112000. 1.0638273Eo09 2.1802412E-10 2.8305967E O0 2,_117499E
Z13000. 1.0408606E-09 2.1258950E-10 2.8361172E O0 2.5168769E
214000. 1.0186723E-O92_O730962E-_O_.B6_bZ?SE O0 2.5180000E
215000. 9.9686617E-10 2.0217955E-10 2.8671276E O0 2.5131250E
_16000___ 9.7536S70_1.9719443E-10 2,85_6J76E O0 2.510269gE
117000. 9.$461588E-10 1.923697qE-10 2.8580974E O0 2.5073749E
218000. q.3438121E-lO 1.8766111E-IO 2.8639673E OQ Z.5045000E
219000. 9.1466741E-10 1.8306416E-10 2.8690272E O0 2.5016250E

220000. 8.9560042E-10 1,7861481E--!0 2.876_772E O0 2.6987499E

L.OB73895E-oq 2.2361651E-10 2.8250659E O0 2°5246249E 01 1.01TOI4TE 01
01 1.0170167E Ol
01 1.0170167E Ol

01 1.0170167£ 01

01 1.0170167E 01
01 1.0170147[ O_
ol 1.o17o1,_e ol

01 L,_17_O1471_1
Ol 1.0170147E Ol
01 1,0170147E Ol
01 1°0170167£ O!
Ol I,O_70147E_Ql
Ol 1°01701_7E Ol

01 hO170147E Ol
Ol 1.0170147E 01

22Z000. 6.$031160E-10 1.7008296£-10 2.8853675E O0 2.4930000E
_23000. 6.4046441E-10 1.6599_9_-10 2,8907681E O0 2.690_250E
124000. 8.2301138E-10 1.6201534E-10 2.896178qE O0 2_6872699E
125000_ .... 8._Q_OO|O3E_IO !_3816675E-_0 j,9015801E O0 Z,684374qE_
226000. 7.8940138E-10 1.5438374E-10 2.qO69716E 00 2.6815000E
22?000. 7.7320129E-10 !.5072313E-10 _.gI23536E O0 2.47862SOE
228000. 7.5738980E-10 1.4716178E-10 2.91¥7261E O0 2.6757699E
229000. 7.61q_81_-10 1.4369655_-_0 2.923089_E O0 _.4728749E



TABLE 14. 11 (Coatinued)

14.37

GEOMETRIC

ALTITUDE

rlP4_ecs

PRESSURE KINETIC MOLECULAR DENSITY COEFFICIENT SPEED OF
TEMPERATURE TEMPERATURE OF VISCOSITY SOUNO

_ewtont ¢m -z deg_eesK ¢le_besK _0 m'3 _e_don-tecm'Z m $t¢ "1

220000. '7o39258|8E-09 1o3223493E 03 1.5506500E 03 1.6608106E-lO 5.35_7617E-05 7o8960877¢ 02

23100U. T.242884_E-09 lo3241963E 03 l.b546500E 03 1.82Z9931E-10 5.367588lE-05 7.9042627E 02

232000. 7.Oqb6366E-O9 [o3260353E 03 |._586_0_E 03 [.5861403E-1U 5.3754035E-0_ 7.9144247E 02

233000. 6.9_37457E-09 1.3278662E 03 1.5626_00E 03 [.5502254E-10 _.3832081E-U5 7,9245737E 02

234000, 6.8141302E-Og 1°3296890E 03 1°_666500E 03 1o5152218E-10 5°3910018E-05 7.9347096c02

235000. 6.6777033E-09 L.33|5039E 03 |o_706500E 03 1.48|1037E-10 5o3987848E-05 7o944#327E 02

23bOOO. 6.54438bRE-09 1.333310bE 03 |._746500E 03 L.4478470E-IO 5.6065_70E-05 7.9549429E 02

237000. 6°4140990b-09 1.3351093E 03 1._786500E 03 1.4|54273E-10 §.41_3183E-05 7°9650403E 02

238OOU° 6.2867616E-09 |.3369000E 03 |._826500E 03 1.3838208_-[0 5.4220692_-05 7.9751269E 02

239000. 6.t62303_-09 1.3386826E 03 1.5866500E 03 1.3530059E-10 5.4298093E-05 7.9851967L 02

240000° 6°0406505E-09 1.340457ZE 03 1.5906500E 03 [.3229bO4E-tO 5°4375389E-0_ -7_99525_9E02-

241000. 5°9217323E-09 |°3422237E 03 1.5946_00£ 03 |.2936630E-10 5.4452580E-05 8=0053023_ 02

2_2000. 5.80_790E-0_ 1.3439822E 03 [._986_00E 03 1.2650929E-10 5._529665_-05 8._153363E 02
243000. 5.69t8242E-09 1.34573Z6E 03 1.6026500E 03 1.2372303E-10 5.4606646E-05 8.02_3576E 02

2_000. 5°5807045E-09 1.34747_0E 03 1.6066_00E 03 1.2tOO561e-|O 5.4683524E-05 8.0353664E 02

245000° ._.4720553E-09 1.3_92094E 03 1.6106500E 03 1.18355_0 __.__Tb___,_qbE-_S_8oO4_S3b_J;__

246000. 5o3658158E-09 1o35093_6E 03 l°_166500E 03 t.i576975E-[O _.4836967E-OS 8.0553468E 02

247000 .... 5.zbtgZ4qE-O9 |.3526538E 03 1.6186500E 03 1.1324771E-IO 5.4913533E-05 8.0653186E 02

248000. 5.1603259E-09 |.3543640E 03 |.bZZ6_OOE 03 E,IOTB731E-IO 5.6989998E-05 8.0752779E 02

249000° 5°0609626E-0% l°3560662E 03 1.6266500E 03 l°0838689E-lO _.50bb3bO[-05 8oO852250E 02

250000. 4.9637803E-09 Lo3577603E 03 1.6306500E 03 l.ObO4484E-lO 5.5142621E-05 B.O951596E O=

251000. 4.8687236E-09 1.3596663E 03 1.6366_00E 03 l.o3r59_E-lO 5.52|.8..779E-05 8.1050824E 02

252000. _./757415E-09 1.36LL243E 03 1.6386500E 03 _°OL52953E-LO 3.S294838E-05 B.l14qq30E 02

253000° _.68478_|E-09 1.3627942E 03 lob4ZbSOOE O_ 9.9353300E-|1 5o5370796E-05 8.1248q24E 02

254000. 4.5958012E-09 1.36_4561E 03 |.6466_00E 03 9=7229a18E-11 5.5466653E-O_ 8.13_7779E 02

255000, _.508744qE-09 L.36bLIOOE 03 1.650bSOOE 03 9,$156492E-II 5.55224|2E-05 8.14_bS22E 02

256000. 4.4235698E-09 1.36775_8E 03 1.6546500E 03 9o3133194E-11 5.5598070E-05 8.1545147E 02

257000. 4.3_02283E-09 1.3693935E 03 _,6586500 E 03 9.11_8165E-11 _5673630t-05 8.1643653E 02

258000. _.2586772E-09 1.3710232E 03 l.bb2bSOOE 03 8o9230154E-1l 5.S7490qOE-05 8.1742039E OZ

2_9000__ _= _17887_7E-09 1.3726449E 03 1.bbb6500E 03 8o734794_E-11 5.5824453E-05 8.18_0308E 02

_60000. _QO7767E-09 I.3742585E 03 I.bTO6500E 03 8.5510293_-L1 5.5899718_-05 8,L938_57_ 02

261000. _.OZ_3_6E-O? 1.37586_0E 03 l.b746500E 03 8,3716075E-11 S°597_885E-05 8.2036_q2E 02

262000. 3og_9_377E-Oq 1.377_615E 03 t.bTB650OE 03 B, lqb_/34E-II 5°60_9_-0_ 8.21_*_07E _

263000. 3.8763|64E-09 1.3790510E 03 lo_826500E 03 8,02533_1E-1| 5,612_q28E-OS 8.2232206E O_

264000. 3°eO_6447E-09 I*380632_E 03 1°6866500E 03 7,8582690E-I| 5.blqqs05_-o5 8,2329890E OZ

265000. 3°73_853E-09 1.3822058E 03 1.6906500E 03 7o6951092E-11 _.6274586E-O5 B°2_27_SBE 02

26b000_ ___.bb58013E-Oq 1,3837711E 03 l°b946500E 03 7,535753|E-11 5.b349271E-05 8.252_910E 02

267000. 3,5985599E-09 1.3853283E 03 1.6986500E 03 7,380105qE-EI _.6423861E-05 8.26222_7E 02

268000. 3.5327263E-07 L.3868776E 03 1.7026500E 03 7°2280703b-_t _°6498355E-05 _4_(LqEOZ

269000. 3.4682674E-09 1.388_187E 03 1.7066500E 03 7,0795534E-El _.6572756E-05 8.2BIb577| 02

ZTOOOO_-- -- 3_05_519E'09 l_38qqS_BE 03 [.?IObSOOE 03 b°934466BE-_I 5.bb47062E-05 8.29t35T3E 02

271000__ -_343347_E-09 |.391_769E 03 1.7146500E 03 b,TgZT213E-11 5.6721274£-05 8°3010_5_E 02

272000. 3.2828238E-09 1.3929939E 03 1.7186500E 03 6,65423t2E-11 5.6795392E-05 8.3107224E OZ

273000. 3.2235515E-09 L.39_5029E 03 1.7226500E 03 6°SL89155E-11 5.bBb9417E-05 8.3203880E 02

274000, 3o1655008E-07 1.3960038E 03 |.7266500E 03 6°3866904E-[1 5,6943349E-05 8.3300422E 02

_75000. __tlOJ64_OETO9 _.39_9_7E 03 1.7306500_ 03 b,2576823E-L1 _.7017|89E-05 8.3396856E 02

276000. 3.0529552E-09 1.3989815E 03 1.7366500E 03 6.1312119E-11 S.7090937E-05 8o3493[76_ 02

_,_77000._ ........ ?.._?q8_053_09 1.400_5_3E _) |°738650OE03 b°OO78065E-11 5.7164592E-05 8.3589386E 02

278000. 2.944969|E-09 1.4019270E 03 1.7426500E 03 5,B87|938E-11 5.7238156E-05 8o3685485E 02

279000. 2.8926212E-09 L.4033877E 03 1.7466500E 03 5°7693040E-11 5.7311629E-05 8.3781472E O_

280000. 2.8_13364E-09 1._048403E 03 1,7506500E 03 5°6540688E-|1 5.73850|0_-05 8,3877352E OZ

281000. 2.7910914E-09 I.&Ob2849E 03 1.75_bSOOE 03 5,5414231E-11 5o7458303E-05 8,3qT3122E 02

_82000, _ _.7418610E-Oq !.4077214E 03 1.7586500E 03 5°431299qE-|1 5o7531503E-05 8.4068781E OZ

ZB3000, 2,6q36236E-O9 L.4OqL4gqE 03 L°T6265OOE 03 5.323638BE-I1 _.76046L4E-OS 8,4164335E OZ

40. 4 -9 4 74 - 7 - 4

28_000° 2°600037_E-09 1.4117828E 03 ]..7706500E 03 5°11545qlE-[], 5.7750_bSE-05 8.43551_2E 02

_,_b_O0. 2,5_4645c)E-09 1._133871E 03 1.77_bSOOE 03 5,0_624bE-11 5.7823412E-05 8.4_50340E QZ

287000, 2.5101599E-09 I.4147834E 03 1.7786500E 03 4,9164162E-11 5.7896167E-05 8.4545461E 02

_._800Q. ....... 2._665603_-Q9 !.41617_6E O) 1,7826500E O) 4_8201817E-11 5.7968833E-05 8,4640476E OZ

289000. 2.4238261E-09 1.417551BE 03 1.7866§OOE 03 4,7260654E-11 5.BO41411E-05 8.4735382E OZ

290000. 2.3819396E-09 1.4189240E 03 1.7906500E 03 4o6340187E-11 5.8113902E-05 8.4830183E 02

_910Q0, ....... _.3_08808E-09 I_202881E 03 1.7946500E 03 4,5439891E-11 5.8186305E-05 8.4924878E 02

292000. 2.3006322E-09 1.4216441E 03 1.7qBbSOOE 03 4,4559293E-|1 5.8258822E-05 8.5019467E 02

_930QO.__J749_-09 1,_29921E 03 1.802_500E 03 4,36q7873E-11 _.8330851E-05 8.5113952E 02

294000. 2.2224918E-09 1.4243321E 03 IoBO66500E 03 _o2855237E-|1 5.8402995E-05 8.5208331_ 02

9 4 - 4 _ 4 - -

296000, 2,L6738LTE-Oq lo4269878E 03 1o8146500E 03 4o1224380E-11 5,8547023E-05 8,5396777E OZ

297000. _1092_(_E_09 1.42830_6E03 L,818_10E 03 _,0435306E-|L 5.8618908[-05 8.5490845E 02

.2q8000. 2.07§169bE-09 1.4296114E 03 |.B226500E 03 3,9663230E-11 5,8690707E-05 8.5584810E 02

_qOO_Q .... 2,0401LtTE-Oq _309I_LE 03 _.8266500E 03 3,890TTTIE-LI S.8762424E-O5 8,SbTB6?OE 02



i4.38

TABLE 14. 11 (Continued)

GEOMETRtC PRESSURE

ALTITUD£ RATIO

meters urlitless

z 3_ooop. ...... ?._2_,87034E- ].0
231000. 7.1217104E-I0

232000. - ...... §.9779074E-_10
233ooo. 6.8374ogoE-to
234000. 6.7001294b-10

DENSITY VISCOSITY MOLECULAR

RATIO RATIO WEIGHT

unitklu unitllm unitlels

I ,_4Q32488E-IO 2. 92844271:_0.0 2.4700000E 01
1.3712762E-10 2.9327|88E O0 2.4670860E 01

1.3401585E-10 2.9369890E O0 2.4641719E O1
1o3098134E-10 2.9412532E O0 2.4b12580E O|
1.2802382E-10 2.9455115E O0 2.4583440E 01

PRESSURE

DIFFERENCE

NeWtOft$ ¢m "2

I*0170147E Ol
1.0170147E Ol

1.0170147_ Ol

1.0170147E Ol

1.O17014?E 0__!1
235000° b.565984BE-|O 1.25141|2E-10 2.q497639t O0 2.4554300E

236000. 6.4348988E-10 1.2233121E-10 2.954010§E O0 2.4525160E
237000. b.3067qO7E-[O 1.|959200E-|0 2.9582511E O0 2.4496019E

_,L3800o. 6.1815837E-10 1.1692152E-10 2.qbZ4860b O0 2.4466880E
23q000. b.O592077E-lO 1.1431791E-10 2.9667150E O0 2.4437740E

240000. 5.Q395700_-10 1.1177931E-10 2.9709383E O0 2*4408bOOE

Ol 1.0170147E Ol
01 1.0170147L Ol
Ol 1.0170147E OE
Ol 1.0170147E O|
Ol 1.0170147E Ol

Ol 1.0170147E Ol
241000. 5.8226b13E-lO I.Oq30392E-|O 2.q75155BE O0
242000. 5.7083530E-10 1.0688998E-10 2.9793675E O0

_4300Q_ 5.596599bE-10 1.0453582E-10 _.9835736E O0
244000. 5.4873389E-10 1.0223982E-10 2.Q877740E O0

265000. 5,3805075E-|0 _.0000038E-10 2.qq19687_ O0
246000. 5.2760453E-10 9.7815955E;11 2.QqbI577E O0
2_7000_ ........ 5.173892bE-lO 9.Sb85037E-11 3.0003411E O0
248000. 5.0739933E-10 9.3606200E-11 3.0045190E O0
249000- 4.976_2924_IQ_9.1578043E-11 3.0086912E O0

250000. 4.880735bE-10 8.gSQqI97E-II
251000. 4.7872695E-lO 8.7668320E-11 3.01701qOE O0

2.43794bOE
2.4350320E
2_4321180E
2.4292040E
2°4262900(
2.4233760E
2.4204620E
2.4175480E
_4146340E

3.0128579E O0 2.4117200E

252000. 4.b958430E-lO 8.5784[29E-11 3.021174TE O0
2_53000. 4.6064073E-LO 8.3945376E-11 3.0253249E O0
2S4000. 4.5189131E-10 8.2150890E-11 3.0294695E O0
255000. ...... 4.4333133E-1Q 8.039943TE-ll 3.0336088E O0
256000. 4,3495632E-10 7.868991bE-11 3.037742_E O0
Z$7000. 4.2676160E-10 7.702|176E-11 3.0418710E O0
25800u. 4.1874292E-IO 7.5392167E-11 3.0_sqq3qE O0
_qO00. .... 4_|089618_J0 7.3801855E-11 3°0501116E O0

26000Q ...... _4Q_21704L-IO 7.2249190E-11 3.0542238E O0
261000. 3,957017l_-1U 7.0733223E-|1 3.0583308E O0
262000. 3.SB3_b17k-lO b.Q25297bE-11 3.ObZ4324E O0
263000. 3.8114633E-10 6.7807505E-11 3.0665288E O0
_,._6.4000. 3_7_09928E-10 6.6395932E-11 3.0706199E O0
265000. 3.6720071E-10 6.5017367F-11 3.0747057E O0

_6000 ..... _1,_472_E--10 6,3670937E'1| 3*0787863_ O0

267000. 3.5383558E-10 6.2355846E-11 3.082RbIBE O0
268000. 3.4736236_-10 6.1071270_-11 3.0869319_ O0
26q000. 3.4102430Em_0 5.gB16424E-ll 3.090qqTOE O0

27_00J ..... 3.13_81835E--10 5.85qOSb2E-II 3.0950569E O0
_71000_ ..... 3j287_13_k-;O 5.73q_920E-I_ 3.OQQIIIbE O0
272000. 3.2279020E-10 5.6222801E-11 3.1031bI3E O0
273000, 3.1696215E-IO 5.507949)_-11 3.107205qE O0

274000. 3.1125417E-10 5.3962300E-11 3.1112453E O0
_ .... _tO_bb_7|E-lO 5,28_0597E-|| 3,|152798E O0

27b000. 3.0018791E-10 5.1803716E-11 3.1193091E O0
._,._00_ ........ _462418E-10 5.0761041E-11 3,12333_E O0
278000. 2.B956996E-|O 4.9741qb3E-II 3.1273528E O0

_79000. 2.8442274E-10 4.874_891E-II 3.1313672F O0

_80000, 2.7938007b-10 4.TTT2247E-I1 3.1353766E O0
28t000. 2,7443963E-|0 _.bB20484E-11 3.1393811E O0
_820D0. 2.6959895E-IO 4.5870033E-|1 3.1433806E O0
283000. 2,6485591E-10 4.4980385E-11 3.1473752b O0
_84000. 2,60208_9E-10 4.40qlO25E-ll 3.1513649E OO
285000. 2.§56538bE-10 4.3221437E-11 3.1553498E O0
286000. 2.511qObSE-IO 4.2371158E-11 3.1593278E O0
287000. 2.4681647_-|0 4.1539bBSE-11 3.1633049E O0
2BRO00_ 2.4252946E-10 4.0726585E-11 3.1672752_ O0
289000. 2,3832753E-10 3.993137_E-|1 3.1712407E O0

Ol 1.0170147E Ol
OZ t.OtTOi47_ Ot

o; z.oz70;47e Ot

ot ;.o;7o_Lf___i
ot Z.0;70147E O|

OZ t.Ot7Ot4?E O!

Ol 1.0170167[ Ol
Ol 1.0170147E Ol

Ol 1.0170147E 01
_.4088060E Ol 1.0170147E Q)
2.4058920E 01 1.0170147[ Ol
2.4027780E01 1.0170147E 01
2.4000640E Ol 1.0170147E Ol
2.3971500E Ol 1.0170147E O|
2.39423hOE Ol 1.0170147E Ol
2.3913220E O[ 1.0170147F OI
2._884080E 01 1.017014tb 01
2.3854940E Ol 1.0170147E O_

2,3825B00E Ol 1.0170147E O|
2.3796660E 01 1.0|70147E Ol
2.3767520E 01 1.017_7E 01
2.3738380E Ol 1.0170147E Ol
Z.3709240E 01 |.01701_?E O|
2._b80100E 01 1.0170|47E O|
2.36§09hOE 01 1.0|TOI4TE 01
2°3621820E 01 1o0170147[ O|
2.3592680E 01 1.017014TE 01
2.3_63540E 01 1.01TOI47E 01

2.3534400_ 01 1.0|70|47E 01
2.35052b0£ Ol 1.0170147£ 01
2._476120_ Ol 1.01_0147E Ol

2._5980E Ol l.OI?O147L Ol
2.341T840E 01 1o0170147£ Ol
2.3388700E Ol 1.0170147( Ol

2*33595bOE O| |.0170147( O|
2.3330420_ Ol 1.0170147E Ol
2.3301280E Ol 1.0170147E Ol
2-3272140[ 01 1.0170147E_

2.3243000_ O| 1.0170147E O|
2.32138bOE Ol hOITO14TE Ol
2._184720E Ol I*0170147E Ol

2*3155580E Ol 1.0170147E Ol
2.3[26440_ 01_1.0170147L Ol
2*3097300E Ol 1.0170147t 01
2._Ob8160E 01 1.017014T_ Ol
2.3039020_ Ol 1.0170147E Ol
2*_OOqRBOE Ol l*01?Ol4Tt Ol
2.2q8073qE Ol 1.0170147E Ol

2qO000, 2,3420896E-IO 3.QI53661E-|l 3.1752014E O0
_91000. 2.3017177E-10 3.8192984E-11 3.17ql574( O0
292000. 2.2621425E-10 3.?b48951E-11 3.18310R6E O0
_93000. _ Z._233453E-10 3.6921138E-|! 3.1870550E O0

294000. 2.1853094_-10 3.6209163E-11 3.1909968E O0
295000. 2,1480184E-10 3.55|_h4HE-I; 3.|949338E 0_1
296000. 2,111_557E-10 3.4831222E-|| 3.19R86_1_ O0
2_97000. _O?_bOS?E-lO 3.4|64520E-11 3.2027937E O0
298000. 2.0404519E-10 3.351217qE-11 3.2067167E O0

_99000. _QO5960_E-lO 3.2873878E-11 3.2106351E O0

2.2951600E Ol 1.0170147_ Ol
2.2922460E Ol 1.0170147L Ol
2.2Bq3320E 01 1.0170147! Ol
2.2864180E 01 1.0170147E Ol
2.2835039E 01 1.0170147_ Ol
2.2805qOOE .QLI.oI?O_47_ Ol
2.2776760E Ol 1.0170147F Ol
2.2747620E Ol 1.0|?0147E O|
2.2718480_ Ol 1,0170147_ Ol
2o268q340E O| 1.0170147k O|



TABLE 14. 11 (Continued)

i4.39

GEOMETRIC PRESSURE KINETIC MoLEcuLAR DENSITY COEFFICIENT SPEED OF
ALTITUOE TEMPERATURE TEMPERATURE OF VISCOSITY SOUNO

meters newtons cm"2 d_roes K dIQI1Nll K kQ m-3 newtoo-sec m_ m sec"l

300000. L.8306500£ 03 3o81685051-11
30_00(,. |._372500E 03 3.6763_28E-11
30400U. 1.H4385001 03 3._415564_-11
306000. [.850_5001 03 3.4122362E-1[
308000. 1.8570500£ 03 3.2_81401E-11
310000. 1.0636500k 03 3.16903681-11
312000. 1.8702500E 03 3.u5470841-11
31_000.
316000.
31800o.

320000.
322OOO.

3_4000.
326000°
32800U.

2.00573111-09 1._3219021 03

A.9_8R6021-09 L.43390291 03
1.871_8511-09 L.4355909E 03
1.812502ffE-09 1.4372541E 03
L.75281531-09 L.43889251 03
L.69532861-09 L.4405061E 03
L.6399540_-09 L.4620949E 03

5.88340541-05
5.89520601-0_
5.90698381-05
5.91873881-05
5.93047121-05
5o94218131-05
5.95386891-05

1_5066_56E-_9_L-443659_--Q-F_-_3|-_87685---Q-Q_F_--Q-_-_e-?_?4--5--Q-F_J-L---5_9_5§344E-_5
1.53520171-09 L.4451982E 03 1.08345001 03 2.83954731-11 5.97717781-05
1.48566371-09 1.44671261 03 1.H9005001 03 2.73032481-ll 5.98079921-05

1,&379174E-09 1.46820231 03 1.89665001 03 2.64109801-11 6.00039881-05
1.391_9151-09 1.4496672E 03 1.9032500E 03 2.54769631-11 6.0119767L-05
|.34751681-09 _.45110T_ Q_ 1.9098500_ 03 2.45794801-11 6.0235330E-05
1.30472881-09 1.4525225E 03 1.916,500£ 03 2.37170626-11 6o03506771-05
L°26346421-09 1.4539130E 03 1°_230500e 03r 2.28881201-11 6.04658111-05

8o57724301 02
8.59269061 02
8°60811076 02
8.6235031E 02
8.6388681E 02
8.6542059_ o2
8.6695164E 02
8,68'vSOJ23J;02
8.7000570E 02
8.7152870E 02

8.73049061 OZ
8o7456676E 02
8.7608185_ 02
8.77594301 02
8.79104161 OZ

330000° 1.22366371-09
332000. toL852696E-09
336000° z.148227_-09
336000° 1.11248411-09
338000. 1o0779898E-09

340000° _o06_6960_-09

342000. . 1_012556_k-09
34_000° 9.81527881-10
346000° q°515669h_-10
368000. 9.2263318_-10
350000. 8_74687971-10
3SZO00. 8.6_6_385_-10

356000. _,16_17491-10
356000° T,9ZO67TTE-lO

1.4552787E 03 1.92965001 03 2.20913011-11 6.05807321-05 8.80611431 02
1.4566196E 03 1,9362500_ 03 2°13252171-11 6.06954431-05 8.8211613£ 02
1.45793571 03 1.9628500£ 03 2.0588579_-11 6.08099421-05 8.83618271 02
1.45922701 03 1.94945001 03 1.9880142E-11 6.0924233E-05 8.85117841 02

1.4604935E 03 1.9560500E 03 1.9198728E-11 6.1038315E-05 8.86614911 02

1.46173531 03 1.9626500E 03 1.8543206_-11 6.11521921-05 8.88109421 02
[.4629522E 03 L._6925001 03 1.79125031-L1 6.12658621-05 8.89601431 02
1.466144_E 03 1.97505001 03 1.7305591£-11 6.1379327_-05 8.91090951 02

_.465311TE 03 1._8_45001 03 1.67214861-11 6.14_2580_-05 8.9_77981 02
1o46645431 03 1.98905001 03 1.61592471-|1 6.16056471-05 8.9406253E 02
1.6675721E 03 l,99_6500E 03 1.561P9841-11 6.17105051-05 8.9554464_ 02
L._6066501 03 2.0022ROO£ 03 1.50968371-11 6.18311631-05 8.9702_291 02
1°4697332E 03 2.0088500£ 03 1.4594989£-11 6.19436211-05 8°98501501 02
Lo4707766E 03 2°01545001 03 1.41116581-11 6°20558801-05 8.99976281 02i
1,67179521 03 2,0220500_ 03 1,36660891-1[ 6,216/9411-05 9,0 64866

I

360000. 7.68534771-10 1.67278911 03 2.02865001 03 l°31975761-11 6.2279808E-05 9.0291862E OZ+
3_2000, 7,65T88081-10 1,47375611 03 2,03525001 03 1.27654291-11 6,23914791-05 9,04386201 0_'

364000_ 7.2379869£-10 1.47470231 03 2.04185001 03 1.23489981-11 6.25029561-05 9.05851421 02
366000. 7.02538691-_0 1.67562171 03 2.04845001 03 1.194/6541-11 6.26142381-05 9.0731425£ 02
368000° 6,8t9812LE-[0 1.4765164£ 03 2.G5_0500 03 °1560797 -L 6. TZ _-05 9.087T473
370000° 6.62100571-10 1°67738631 03 2.06165001 03 1.11878561-11 6.28362271-05 9°10232881 02
372000. 6.62872571-10 1.67823|31 03 2.06825001 03 1.08282841-11 6.2946935E-05 9.11688696 02
376000. 6.2127296£-1U 1o47905161 03 2.07485001 03 1.04815511-11 6.30574551-05 9.13142171 02

376000. 6.06279221-10 1_67986711 03 2.0814500E 03 1.0167159£-11 6.31677871-05 9.14593351 02
378000. 5.88869551-10 1.48061771 03 2.0880500_ 03 9.8246245£-12 6.3277930E-05 9.16042221 02

380000, 5,7202296E-10 1.4813631E 03 2,0946500E 03 9,51348731-12
382000. 5.5571926E-10 1.68208481 03 2.1O125001 03 9.21330571-12
386000. 5.3993908E-10 |.682?811E 03 2.10785001 03 8.92365598-12

386000. 5.2_66391E-10 1.68365261 03 2.1146500E 03 8.66613668-12
388000. 5.09875701-10 1.4840993E 03 2.1210500£ 03 8.3743510_-12
390000. 4.9_557361-_0 1.48_72L31 03 2.1276500_ 03 8.1139364£-L2
392000. 4.816924_E-10 1.485318_E 03 2.13625001 03 7.86252961-12
39_4000, _ _68264771-10 1.6858908E 03 2.14085001 03 7.61979011-12
396000. 4,55259391-10 1.48643831 03 2.1476500E 03 7.38539301-12

398000.. 4.4266|3._ 1.4869611E 03 2.1560500_ 03 7.15901991-12

6.3307887[-05 9.17488831 02
6.34976571-05 9.18933131 02
6.36072431-05 9.2037518E 02
6.3716646E-05 9.21814971 02
6.3825865_-05 9.2325252E 02

6._0437581-05 9.2612091_ 02
6.41524341-05 9.27551791 02
6.426093tE-05 9.2898046b 02

6.4369250L-05 9o3040694E02

_00000, 4,30456661-L0 1,68745911 03 2,1606500£ 03 6,9_03720£-12 6,4477389E-05 9,31831231 02

402000. 4o18612711-L0 1o6880479E 03 2.16_85001 03 6o7_32042 -12 b.45624671-05 9.3 95 8
606000. 4.0712851E-10 L.48862231 03 2.17105001 03 6.5328014E-12 6.46474341-05 9.3407116E 02
406000. 3.959922_E-10 1.6891824E 03 2.1762500E 03 6._3892571-12 6.47322931-05 9o3518910_ 02
408000. 3.85192451-10 1.48972811 03 2.18145001 03 6.15134751-12 6.48170431-05 9.3630573E 02
4_0000. 3.74717931-10 1.4902594E 03 2,18665001 03 5.96984361-12 6.49016861-05 9.374210_ 02
41200U. 3.64558221-10 1.4907764E 03 2o19185001 03 5.79420471-12 6._9862201-0_ 9.38534981 02
416000. 3.54702731-10 1.4912T901 03 2.1970500 03 5.6 4 06 -12 .5070 46 - 9 9 67
416000. 3.4514181E-10 1.4917673E 03 2.Z022500E 03 5o4596992£-12 6.51569671-05 9,40758941 02
418000. 3.35865591-L0 1.4922612E 03 2o_0745001 03 5°30044581-12 6.5239180E-05 9.4186896E 02

620000. __. 3.26865021-10 1.49270011 03 2.2126500E 03 5.16628088-12 6,5323289E-05 9.4297767_ 02
422000. 3.18131051-L0 1.49314591 03 2.21785001 03 4.99702661-12 6.5407290(-0_ 9.44085071 02

626000. 3.0965513E_.__-10 1.4935767 03 2.22 0500 03 4._5 4 - " 6. 49 87 -0 9.6 9
626000. 3.0142895E-L0 1o4939931E 03 2.22825001 03 4o71258071-12 6.55749781-05 9.6629600£ 02
628000_ _ 2.9_4443_E-I0 L.49_39521 03 2.23345001 03 4o5770667£-12 6.$6586651-05 9._7399531 02
63000_. 2.85693T51-10 1.494T82YE 03 2.23865001 03 4o4_582431-12 6.57422481-05 9.6850178£ 02

432000. 2___8169581-10 1.49515621 03 2.24385001 03 _.31870531-12 6.58257201-05 9.49602741 92
436000. 2,70864681-10 1o4955153E 03 2.24905001 03 6.19557061-12 6.59091031-05 9.50702431 02
6 6000. 2.63TT 9BE- 0 ._ 58 99 0 . 4 4 T - 6. 9 3T -0
438000. 2.$6884801-10 1.496|901E 03 2.25965001 03 3.96071351-12 6.60755661-05 9.52898001 02



14.40

TABLE 14. 11 (Continued)

GEOMETRIC PRESSURE DENSITY VISCOSITY

ALTITUDE RATIO RATIO RATIO

metllrs wliflels uftltblu un_tlellS

30000G. 1,97217511-20

302000, 1.9064230E-10

304000. 1.84312491-|0

___06000. 1o7821795E-10

308000. 1.7234906E-10

310000. 1.6669656E-I0

312000. 1.6125175E-I0

314009. |o5600616E-|0

316000o IoSOq5177E-]O

318000. 1.4608084E-10

920000° 1,4138610E-10

322000. 1.3686051E-I0

3_400Go |.3249728E-_0
326000. 1.282q0066-10

328000. __ 1.24232641-E0

330000. 1.20319176-10

332000. _ ...... 4_!654399E-10

334000. 1.1290174E-10

336000. 1.0_38722E-10

3.2249259E-11 3.ZI45488E OC

3.1062084E-11 3.2209964E O0

2.9qz3249E-ll 3.2274314E O0

2.8830599E-_1 3.2338541_ 04

2.7782089E-11 3.2402644E 00

2.6775764E-11 3.2466625E O0

2,5809783E-11 3.2530483E O0

2.4882371E-11 3._74_21E O0

Z.3991B47E-11 3.2657837E O0

2o3136601E-11 3.2721336_ O0

2.2315113E-11 3.27847!!E O_

2,15259291-1! 3.28479701 O0

_,0767646E-11 _,_9IIIIlE O0

2.0038qSTE-l| 3.2974133E O0

1.9338586E-11 3.3037040E O0

1.8665339E-11 3.3099830E O0

1.8018061E-11 3.3162505E O0

1.73956624-11 3.32250651 O0

1.6797091E-_ 3.3_87511E O0

1.6221351E-11 3.3349842E O0

1.5667489E-11 3.3412062£ O0

1.5134597E-11 3.3474168t O0

1.4621806E-11 3.3536163E O0

1.4128285E-|1 3.3598048E O0

338000. 1.0599549E-10

340000. -- i.02721811-10

342000. _ 9.956165qE-II

344000. 9,65106861-11

346000. q.3564718E-11

MOLECULAR PRESSURE

WEIGHT DIFFERENCE

umitiels newtons un "2

2.2660000E Ol 1.0170147E Ol

2.2605600E Ol 1.0170147E OI

2o25512004 Ol 1.0170L_,_¥E Ol

2.2496800_ Ol 1.017QI4TE _1

2.2442400E Ol I.OITOI4TE Ol

2.23880001 Ol 1.0170147E O_

2.2333600E Ol 1.0170147E Ol

2.2279200E Ol 1j__

2.2224800E Ol 1.0170147E Ol

2.2170400E Ol 1.0170147_ Pl

Z.2116000E Ol _.0170|4T[ O|

2.2061600E Ol [.OI7014TE O|

2.20072001 01 1o0170147£ 01

2.1q52800E 01 1.0170|47E 01

2.1898400E Ol IoOI7016TE 01

2.1844000E 01 1.017014TE 01

2.1789600E Ol 1.0170147E Ol

2o17352001 01 1.017014Tt Ol

_.1680800E Ol 1.0|70|4T[ Ol

2.1626400101 1.01701471 Ol

2.1572000E Ol 1.0170147E Ol

2.15176001 01 1.0170147101

2.1463200E 01 1.0170147_ Ol

2.1408800_ 01 1.0170147E Q;
348000. 9.071974RE-11 1.3653240E-11 3.3659817E

350000. .... 8.TqTIqTBE-11 1.3175917E-11 3.3721481E

352000. 8.5317729E-1! 1.27555q0E-11 3.3783033E

_54000. 8.2753484E-11 1.233|570E-|1 3._844479E

35600U. 8.0275878E-11 1.1923194E-11 3.3905815£

358000. 7.7881643E-11 1.152982?E-11 3.3967043E

00 2.1354400E 01 1.0170147E Ol

00 2.1300000E 01 1.01?0147E Ol

00 2.1245600£ 01 1.0170147E 01

C0 2.1191200E 01 1.0170147E Ol

O0 2.1136800E 01 1.0170147E Ol

00 2.1082400E 01 1.0170147[0__

360000. 7.55677131-11 1.1150870E-11 3-_028!641 00

362000. 7.3331100E-II 1.0786742E-11 3o4089178E 00

364000. 7_1168948_-11 1.0433871£-11 3.4150086E 00

366006. 6.qOTBSITE-ll 1.009478_E-11 3.4210888E 00

_68000. 6.70571611-_1 q.Tb79259E-12 3.427158_ O0

370000. 6.5102358E-11 9.4528193E-12 3.4332178E 00

372000. b.3211727E-11 9.1490122E-12 3.4392665E O0

374000. 6.1382881_-11 8.8560518E-12 3.4453051E 00

376000. 5.9613612E-11 8.5735176E-12 3.4513333E 00

378000. 5.7901772E-11 8.3010025E-12 3.4573513E'00

2.1028000E 01 1.0170147E 01

2o0973600E OL I.OITOI4TE Ol

2.0q192001 01 1.0170147_ Ot

2.0864800E 01 1.0170147E 01

2.0810400_ 0| ].0170_47E_..Q._

2.0756000E 01 1.0170147E Ol

2.0_01600_ 01 z.0170147_ 01

2.0647200E O! lo01TOI47E 0|

2.0592800E 01 1.0170147E Ol

z.o5384ooE oz 1.o17o147[ ol

380000. 5.62452q71-11 8.0381171E-12 3.4633591E

382000. 5.4642204E-11 7.7844882E-|2 3.4693366E

384000. 5.30qOSB6E-11 7.539757qE-12 3.4753442E

386000. 5.1588625E-11 7.3035854E-12 3.481321TE

388000. 5.0134544E-11 T.OTSb403E-12 3.48728q|E

39000_. 4.8726665E-1 ; 6.8556096E-12 3.4932467E

392000. 4.7363369E-11 6.6431931E-12 3.4qqI943E

394000. --- 4.6043067E-|1 b.4380981E-12 3.5051321E

396000. 4.4764287E-1! b.2400517E-12 3.b110601E

_q8000. 4_..__525558E_11 6.0487851E-12 3.51_qTB4E

_00000. 4.2325508E-11 5.8640456E-12 3.5228868E

402000. 4.1160929E-11 5.6890058E-12 3.5_75352E

404000. 4.0031723_-11 5.5196818E-12 3.5321777E

40600U. 3.8936727E-11 5.3558727E-12 3.53681426

_08000. _.7R74815E-II 5.1973845E-12 3.5414447E
410000. 3.6844887E-11 5.0440286E-12 3.5460694_

412000. 3.5845914_-ll 4.8956Z8oE-;_ _.55O6881E

414o00. 3.4876853[-11 4.7520055E-12 3.5553010E

416000. _,3936757E-11 4.6129984E-12 3.5599080E

418000. 3.3024653E-11 4.4784423E-12 3.56450q2_

420000. 3.2139654E-11 4.3481855E-12 3.SbqI047E O0

422000. _._2808701-11 4.22207791-12 _.6736943E OO

424000. _.0447457E-1l 4.0999767E-12 3.57827836 00

426000. 2.g638602E-IL 3.9817445E-12 3.5828564_ 00

428000. 2.88534qR_-11 3.Rb72462E-12 3.5874288E 00

43000U. 2.809140hE-11 3.7563572E-12 3.6919957E 00

432000. 2.7351578E-11 3.6489520E-12 3.5965567E 00

4_4_00. 2.6633309_-11 _5_91__.ZE-12 3._OIIIZ2E 00

436000. 2.593590hE-11 3.444[252E-12 3.6036620£ 00

43800(;. 2,52587101-11 3.3464783E-12 3.6|02062E 00

oo 2.04,4000E 01 1.0170Z47_ Ol

00 2.0429600E 01 1.0170147E Ol

00 2.0375200E Ol 1.01701471 01

O0 2.03208001 01 1.0170147_ 01

00 2.02664001 Ol 1o0170147E 01

oo 2.o212oooe o_70_47[__Qk

00 2.0157600E Ol 1.0170147E 01

00 2.0103200E 01 1.017014TE 01

00 2.0048800E Ol I.OIIOI4TE O|

O0 l.q?q4400E Ol I.OI?OI4TL Ol

O0 l.qq40000E Ol I.OI?O]_TE Ol

O0 1.9900000E Ol _.0170J47__

00 1.q8600001 Ol 1.0170147£ 01

00 l.q820000E Ol 1.0170147E Ol

O0 l.q780000E Ol 1.01701471 Ol

O0 I._?40000E Ol 1.0170147E Ol

O0 |.O700000E O! 1.0170147E O!

O0 l.q660000E O1 1.0170147E Ol

OC 1._620000101 1.01T0147101

O0 l.q5Bo000_ Ol 1.0170147E Ol

1._540000E Ol 1.0170147_ 01

;._O0000E 01 1.0170147_ ot

l.q460000E Ol 1.0170147E Ol

l.q4ZO000[ 01 l.Ol?0147E O1

I.q3BOOOOE Ot 1.0170|47_ Ol

1.93400001 OL 1.01701471 Ol

l.q300000E 01 1.01701471 Ol

1.9220000E Ol 1.0170147L Ol

l.g180000E O1 [.0170147E 01



TABLE 14. 11 (Continued)

14.41

GEOMETRIC PRESSURE KINETIC MOLECULAR DENSITY COEFFICIENT SPEED OF
ALTITUDE TEMPERATURE TEMPERATURE OF VISCOSITY SOUND

rr,etem newtons cm"z degfeel K de,eel K kQ m "3 newton-lee _ m lee "1

%40000o Z.SO[966%E-LO L.496506LE 03 2._b465OOt 033.848T362E-LZ
442000. 2.4370127E-LO 1.496_076E 03 2o2698500E 03 3o7402308E-[2
444000, 2,373_258E-LO |,4970948E 03 2o2750500E 03 3,b3507_8k-L2
446000° 2o3L25473E-LO L,4973676E 03 2o2802500E 03 3,533171_E_LZ
448000, Z,2531199E-LO Lo49762bLE 03 2°2854500E 03 3o4343957E-L2
_50000. _ 2.L952890E-IO L°4978?OZE 03 Z.2906500E 03 3.3_86486E-12
45200u. 2.139LO3;E-IO |.498099RE 03 2._958500E 03 3.24583[5E-[2
45_000_ .... 2.0R450q_E-LO L.498315_E 03 2.30LOSOOE 03 3.L558441E-L2
456000. 2.031_599E-LO L.4985162E 03 2.3062500E 03 3.0685954_-[2

458000, 1,9799060E-|0 |o498702qE 03 2,3114500E 03 2,08399316-[2

4_bOOOO, L,gzgRoZLE-LO L,4788T52E 03 Z,3166500E 03 z,qoL95LZt-[Z
4&2000. lo8811034E-LO L.499033LE 03 2._218500E 03 2.SZ23851E-t2

_b_O00. L°8337669E-LO 1.497LTbTE 03 2.3270500E 03 2. T45_L38E-12
666000. 1o7877516E-10 L.4993058E 03 2.3322500E 03 2.6703602E-t2
468000. _.74]0|57E-_0 1.4994_OTE 03 2.3374500E
_70000. 1.69q52|6E-|O L.4995212E 03 2._426500E
472000. 1.657Z3|3E-LO 1°6996073E 03 2.3618500E
676000. 1.6161082E-10 1.4996790E 03 2.3530500E
476000. L+ST61171E-LO L.6797363E 03 2.3582_00E
678000. L.5372238E-IO L.4997?q4E 03 2®3634500E

6.6t586L2E-.35 q.s3_q390k 02
6.624[579_-05 9°5508853E 02
6.6326666E-U5 9.5618L91_ OZ

b.b489869E-05 9.5836693k OZ
6.657263LE-05 ?.5965657E 02
b.bb5689Z_-05 9.60562qBE OZ
6.67J7255t-05 9,6L6301?E 02
6.6819_17E-05 ?.62716LOE 02

6-bgOL681E-O59.6380085L OZ

b.6qS3746k-GS 9.6688435_ 02
6.7065712E-05 9.6596666E 02
6,7147580E-05 9.6706772_ 02
b.722935tE-05 9.6812760¢ OZ

03 _._977463E-12 __59._6_,_6_F.___._
03 2._273014E-12 6.7392603E-0_ 9.7028373_ 02
03 2.4589548E-12 6.7676083E-05 _o7136002k 32
03 2°3_26382E-L2 6.7555666E-05 9.?Z63510E 02
03 2.328Z866E-12 6.7636753E-05 9°7350900b 02
03 2.2658358E-|2 6,7717967E-0_ 9.7658172_ 02

680000. L.6993956E-LO L.69980BOE 03 Z.3686_OOE 03 Z.ZOSZ260E-L2

682000. 41.6626006E-10 L.6798Z23E 03 2.3738500E 03 2.1463q?8E-12
684000. 1.6268077E-[0 E.4998223E 03 2.3790500E 03 2.0892964E-12

_$bO00. __L. 391_876E-LO 1.6998078E 03 2._862500t 03 2.0_386t0_-12
688000. 1.3_81101E-10 1.6997790E 03 2.3896_00b 03 l.qSOO638k-12

690000. I.325L68bE-_O 1.6797359E 03 2.3966500E 03 l.qZ?/9_SE-12
692000. 1.2930755E-|0 t.69_b?84E 03 2._998500_ 03 t.87POS?3E-[2

6_000. _ 1.26JBb65E-LO 1.6996065E 03 2.4050500E 03 t.8277902E-12
496000. t.Z31_902b-lO 1.69_SZO2E 03 2.4|02500E 03 L.7799651E-12
_9eO00. _ L.20_I9283E-IO 1.6996196E 03 2.4156500E O_ 1.7336778E-12

s-ooo_o_...... _;_ts,_E_to _6qq306PE03 Z.6ZO_500__ t._se366te-tz
50_QOQ. LoL6_tZ21k-LO 1.49qSe96E 03 2.4260500E 0_ X.6456754E-L2
50*o00. t.zz??_38E-to t.4q_eze_ 03 z.6ZT,SOOE03 z.eo, tes,_-tz
50_900.... t.oqtz??ze-to z.soooa3_so3 2.430,SOOEO_ s._?soz_-tz
somooo, z.o_z6q?e-to z._oo33z_ 03 z.43_zsoo_03 X._Z_6_OE-tZ
s_L_ooo, z.o3?_es6e-LOz.5oos?_ 03 z.43?_sooe03 z.+_ez_6te-zz
sz2ooo, t.ot536ese-to L.5008156E 03 Z.46|O_OOE 03 Z.*6_OS66E-ZZ
5|4000. 9.g138L6+E-tL L.50ZO69LE 03 2.4664500E o3 £.6LZa566E-t2
516000. 9.6800666E-IL t.501277bE 03 2.4678500E 03 1.3776259E-12
_8000 .... 9,_S2_758E-tt [.5015010E 03 2.65LZSOOE 03 |,3433618E-|2

_2_0o_ ........ 9._,30_T88E_L L,50!?Lq3E 03 2.4546500E Q3 _ l.30qqTSOE-tZ
522000. 9.0|39147b-LI 1.50t9323E 03 2.4580500E 03 1.2776988E-[2
5_6000. 8.8030359E-11 1.5021602E 03 2.4616500E 03 t.265888&E-12
526000. 8.5q?692tE-|l 1.5023429E 03 2.6648500E 03 1.2tS|IgTE-12
528000 .... 8.3974t362E_11 1.5025405E 03 2.4682500E 03 1.185LbTTE-12
530000. 8.2018285E-IL LoSO27328E 03 2.471669?E 03 1.1560097E-12

$32000. 8.0114324E_11 !.5029201E 03 2.4750500E 03 t. IZ?b231E-L2
534000. 7.8258179E-[1 IoS03LO2|E 03 2°6784500E 03 t.O999864E-12
_3bO00. 7.6648556E-LL _.5032790E 03 2,6818500E 03 1,0730785E-_Z
_30000. ?.4684LBLE-IL L.5034_OTE 03 2o4852500E 03 L.O468785E-L2

5_0000. ?ozq63866E-LL [o_Q36LT3E 03 2.6886500E 03 L.OZI3668E-L2
S_2000. ?.LZBb606E_L ; ;.5037787E 03 2.6920_OOE 03 q.9652387E-|3
§44000. 6.765068Lk-11 1°5039350E 03 2.4956500k 03 q. P233125E-l_
566000° 6o8055573E-|| 1.5060860E 03 2.4988500E 03 _.4877069E-L3
548000. b.bSOOOOEE-11 1.5062319E
550000. 6.49829lEE-L1 L.504312?E
552000. 6.35032?2E-L1 1.5065083E

556000. 6.ZO60105E-I_ _ 1.5046387E
556000. 6.06526_SE-IL 1.506763qE
558000. 5.927936|E-IL 1.5068860E

03 2.5022500E 03 q.2582668E-13
03 2.5056500E 03 9.034757?E-L3
03 2.5090500E 03 8.RI70750E-L3

03 2.5126500E 03 8.6050388E-t3
03 2.5158500E 03 8.3986936E-13
03 2.5|92500E 03 8.1972843E-13

032+5226679E03 8°001266TE-13
03 2.5260500E 03 7.RIO2936E-[3

03 2o5294500E 03 7.6242301E-13
03 2o5328500E 03 7.6629630E-13
03 2.5362500E 03 7.2662966E-_3

56.0000_ ..... 5_Tq3_934E:LL L_506qqBqE
562000. 5o6633257E-LI L.505|O8?E

56_p00_ .... 545]78504E-11 |,5052133E
566000. 5.6114864E-11 1.5053LZ/E
568000. 5.2901430E-LI X.5056069E

6.TTgqO44L-05 9,75653ZSE OZ
6.7880066E-05 9.7672361E 02
6.7960953E-05 q. TT79280E OZ
b,804tTbTE-35 9.788608Lc OZ
6.8122685E-05 9.79927b?E 02
6°82031LLE-05 9.8099338L 02
6.8283666E-05 9.H20579[E 02
6.8364083E-05 9.8312130C 02
b.8644428E-05 9.8618353k 02
6o8526683E-05 9.8524662_ 02

6o8606845C-05 9.8630458E OZ
6.8657209E-0_ 9.8699701E 02
6.8709_36_-05 9.8768895E 02
6o876L_ZOE-05 9.883804LL 02
6.881_067_-05 9.8907138L 02
6o8866276E-09 9o8976188_ 02
b°8918444E-05 9.9045190E 02
6,8970_75E-0_ 9.911614_E 02
b.9022667_-05 9.9183048E 02
b.9076T19_-05 9.9251906E 02

b.9126735E-05 9,93207t4_ OZ
6.9L787[[E-05 9.q389477E OZ
6.9230649F-0_ 9.q458191_ 02
6.9282550E-05 9.952685Bk 02
6o93364LOE-O_ 9o9595479_ 02
b.9386234E-05 9.9664050E 02
6.943802LE-05 9.q?32577E 02
b.9689_bgE-05 9°9801055E 02

b.9561479_-05 9_98_9686E 02
6.9593151E-05 9o9937871E 02

6oqb_87E-05 1.0000621E 03
b.?696384E-05 |o0007650E 03
6.9747944E-0_ 1.00L4276E 03

b.97974bbE-O_ 1.00_096_ O]
6o985095tE-05 1.002TgogE 03
b.9902399E-05 |.0036?20£ 03
bo99538tOE-05 1o004|526£ 03
7.0005|84E-05 1.0048327E 03
7.0056520E-05 1.0055L26E 03

7.0_0782_E-05 |.O06L?16E 03

?o0159083E-O5 L.OO68703E 03
7.02|03|0E-05 1.00T5486E 03
7.0261699E-05 t.0082265_ 03
7.03L2652E-05 Lo0089039_ 03

?.0363T68E-05 1.00qsB08_ 03
570000. 5.17L76qSE-11 L.5056960E 03 Z.5396500E 03 7.094L666E-13 ?.04L4848Eo05 1.0102_73E O_
5T2000. 5.0562249E-|1 1.5055800E 03 Z.5_30500E 03 6,926426bE-13 7.0665892E-05 1.0|09333E 03
57400U. 4.9634978E-LL 1.5056587E 03 _.5464500E 03 6.762961qE-13 7.05168_qE-05 1.01|bOSq_ 03
_bO00_ 6o8336925E-LL L.5057323E 03 ._.._498500E 03 6.6036518E-13 7.0567BTOE-05 L.OI22840E 03
578000. 6.7261423E-1| 1.5058008E 03 2.5532500E 03 6.4683888E-13 7.0618805E-05 X.OI2958bE 03



14.42

TABLE 14. 11 (Continued)

GEOMETRIC PRESSURE

ALTITUDE RATIO

m_llrs ufiHimls

44Z000, 2,3962413E-11

_44000. 2.334209BE-11

• 4bO00. 2.273?566E-It

4_0000o 2.1585616E-li

45400U. 2.0496353_-11

4_6000. 1.9974735E-II

458000. 1.9467820E-11

_60000. l.e975164_-ll

4_000Q1 _ 1.84q6324E-l|

464000. |.8030879E-|1

466000. 1.7578424E-11

468000. 1.7138550E-11

_0, ........ _.6710885E-_l

472000. 1.6295057E-II

474000, ...... __.5890706E-11

476000. 1.5497486E-11

478000. 1.5[|5059E-12

4__0000 ...... L,_474_IO6E_lL

4e2000. 1.43BI312E-LI

4B4000 .... J_40_9371E-_l

486000. 1.3686994E-11

488000. 1.3353BB6_-11

4qO000. 1.3029787E-IL

4__qg_QpO__....... 1.2714423E_ll

494000. 1.24075345-11

_96000 .... _L_SBT2E-I|

_9_ooo. z.ze_zooe-zz

DENSITY VISCOSITY MOLECULAR PRESSURE

RATIO RATIO WEIGHT DIFFERENCE

unflkms unltless unitlus _ewms cm "_

3_1_666E-1_ ),614744BE O0 _.,q140000E Ol 1.0170|47E 0l

3.1b01BBSE-12 3.6172779E O0 1.9100000E 01 1.0170147[ 01

3.0713_45E-12 3.b238054E O0 l.qObOOOOE O1 1.01701_?[ 0_

2.985240_E-12 3.b283273E O0 l.g02OO00E 01 1.0170147E 01

_,90|762_E-12 3,6_ZB43BE 0_ 1.8980000E 01 1.0170147E 01

2.820B845E-12 3.b37354BE O0 I.B940000E 01 1.0170147E 01

2.7424616E-12 3.b4186Q_E O0 |.SqOOOOOE 01 1.0170147E Ol

2.6664296E-12 3.b463604E O0 1.886000OE Ol 1.0170147_ 0l

2.5927117E-12 3.6508549E 00 1,8820000E 01 1.0170147E_0__

2.5212297E-12 3.6553442E O0 1.67BOO00E Ol |.0170147E 01

2.451910gE-|2 3.6598280E O0 1.8740000E Ol 1.0170147[ Ol

2.3846841E-12 3.6643OBOE 00 I.BTOOOOOE 01 |.0170147E 01

2.3194B0?E-12 3.bb87796E 00 1.8660000E 01 |.0170147E Ol

2.2562355E-12 3.6732473E O0 I.R&ZOOOOE 01 1.0170147E Ol

2.1948827E-|2 3.6777098E O0 I.RS80000E 01 [.0170147E 01

2*1353625E-12 3.68ZI670E O0 1,8540000E Ol I.OI7014TE 01

2.0776153E-12 3.666618BE 00 I.RSOOOOOE 01 1.0170147E Ol

2.0215832E-12 3.6910654E O0 |,B4bOOOOE 01 I.0170147E O|

1.9672112E-12 3.695506BE O0 1.84200OOE 01 1.O170147E Ol

I.qI4445§E-12 3.6999429E O0 1.8380000_ 01 1.O170147E Ol

_8_3235ZE-12 3.704373q[ O0 1.8_40000E Ol 1.0170147E Ol

1.8135303E-12 3.?OB7997E 00 |.B3OOO00E Ol 1.0170147_ 01

_.7652825E-12 3*713_20_E O0 1.8260000E Ol 1.0170147E Ol

1.718_459E-12 3.7176357E O0 1.8220000E Ol 1.0170147E Ol

l.bT2974?E-12 3.?Z20460E 00 1.BISOO00E 0| 1o0170147_ O!

1.6288266E-12 3.7264512E O0 1.8140000E 01 1.0I?014?E 01

I.SB59596E-12 3.730851_E O0 I._IO000OE 0| 1.0I?OI4?E O|

1.5443330E-12 3.7352462E 00 1.80b0000E O[ 1.0110147E 0|

1.5039077E-12 3.7396361E 00 I.BO2OOOOE 01 l.Ol7014?E Ol

1.464646TE-12 3°7440211E O0 1.T980000E 01 1.O170147E 01

1.4265124E-12 3.7484009E 00 I*?q400OOE Ol 1.0170|47E 0l

502000. l.1259543E-11 1.3904608E-12 3. rSIZ619E

504000. |.0790930E-1l 1.3553883E-12 3.7541209E

_6000. 1.0729237E-11 l.3212bbOE-12 3.7569776E

SO800U. 1.0474280E-11 1.2880674E-12 3.7598323E

_)00OO. 1.0225864E-11 |.255764bE-12 3.762664BE

_12000. 9.9638128E-12 1.2243324E-12 3.7655352E

5140DO. ?.?479562E-12 1,|9)7462E-12 ),7683835E

5lb000* _*5181185E-12 1.1639810E-12 3. TTI2297E

_|BO00. 9.Z94158bE-12 1.1350137E-12 3.7740737E

_b_O000_ 9.0758557E-12

SZ2000. B.Sb31114E-12

526000. 8.6557605E-12

526000. 8.453_555E-12

528q00_ .... Be256651#E-12

530000. 8.0646114E-12

5)2000. .... ?,STT4006E-!2

_34000. 7.6948915E-12

_36000. 7.5169567E-12

s_.ooo. _._4_70_E-Za

_40000 _ .... 7.1T43i'?4E' lZ

S_2000. 7_009377BE-12

S44000. 6.8485421E-12

_4bO00. b.b916999E-12

S48000. b.5387459E-12

SSO000. 6.3895743E-12

55200U. b.z_o85ee-zz

554000. b. IO21B36E-12

556000. 5.9637735E-12

_580D0. _°BZ87613E-_Z

_60000. 5.69705q_E-[2

Sb20DO. 5.5685779E-12

1_64000. 5.4432353E-12

5bbOOO. 5.3209499E-|2

568000. 5._01638bE-12

570000. 5.085225BE-|2

572000. 4.9716340E-12

574000. 4.8bO7928E-12

576000. 4.7526278E-12

578000. 4.6470737_-12

1.1068215E-12 3.7769157E

1.07938lBE-12 3.7797555E

l*052673?E-12 3.7825933E

I°0266765E-12 3.T854290E

1.0013696E-12 3.7882626E

9*7613345E-13 3.7910941E

q. SZ?49D?E-13 3*?939236E

9.2939839E-13 3.7967510E

Q.0666342E-13 3oTq95763_

8.8452656E-13 3.BOZ3975E

B.b29712BE-13 3.8052208E

e.4198101E-13 3.B060399E

e.2154022E-13 3.fllO8571E

B.016334BE-13 3.RI36721E

_.B224598E-13 3.8164851E

7.6336299E-13 3.819296|E

7.44qTO59E-13 3.B221051E

7.2705526E-13 3.B_49120E

7.096038BE-13 3.B277169E

6.9260335E-|3 3.8305198e

6.7604147E-13 3.B33320?E

6oSgQ057BE-13 J.R3611qbE

6.4418496E-!3 3.838glbSE

6.2886768E-13 3.R41?II3E

b*I394249E-13 3.8445041E

5.q939892E-13 3.H472950E

5.B52262qE-13 3.BS0084DE

5.7141486E-13 3.8528709E

5.5796445E-13 3.RSSb558E

5.4483bOOE-13 3.qSB4388_

O0 I.7QLSO00E O1 I.01?OI4?__0_L

00 L.789600OE 01 1.0170147E 0l

O0 1.7874000E Ol l.Ol?O147E O|

O0 1°7852000E Ol I.OI?OI4TE Ol

O0 |.7830000E O[ 1.0170147E Ol

00 1.7808000E 01 1.0170147E O1

OO 1.7786000E O1 1,0170147E Ol

00 L.7?b4OOOE 01 l.OlTO147( 01

00 1.7742090E 01 I.0170147E 01

OO 1.7720000E 01 1.0170147_ 01

O0 1.7698000E Ol 1.0170147_ 01

O0 1.767bOOOE Ol l.OI?Ol_TL Ol

O0 1.7654000E Ol 1.0170147E Ol

O0 I.Tb32000E Ol 1.0170147E Ol

O0 1.7610000E Ol I.017014TE 01

O0 1.7588000E Ol 1.017014T[ 01

O0 1.75bb000E 01 1.0170147[ Ol

O0 L.7544000E Ol 1.0170147_ Ol

O0 [.7522000E Ol I.OI?OI4?E Ol

00 1.750000OE Ol 1.0170147L Ol

O0 I.?4?BOOOE Ol 1.0170147E Ol

O0 lo745bO00E 01 1.0|?0147L Ol

O0 1.7434000E Ol I*0170147E Ol

O0 1.7412000E O1 1.0170147[ O1

O0 1.73qOOOOE Oi 1.0170147_ O1

O0 1.7368000E Ol l*Ol?0147E Ol

O0 1.7346000E Ol l*Ol7014?F Ol

O0 1.7324000r Ol 1.017UI4?E Ol

O0 1.7_02000.__O_IJ._.Q_LIo__L(_L

O0 1.7260000E Ol I*01/0147E O1

O0 1.7258000E Ol 1.0170147E 01

O0 1.7236000E Ol 1.0170147E Ol

O0 1.7214000E Ol 1.0170147[ Ol

0__1.71_2000_ OJl_o!l?O.!14/_

00 1.7170000E 01 1.0170147L 01

O0 1.7148000E 01 1-0170147L Ol

O0 1.7126000E Ol 1.0170147E 01

O0 1.7104000E Oi 1.0170147k Ol

O0 |.7082000_ Ol 1.0170147[ Ol



TABLE 14. 11 (Conctuded)

14.43

GEOMEwRIC
PRESSURE

ALTITUOE

met_s _wtons cffi "z

55000U. _.62|37376-LL

582000. _.51912251-[1

584000. 4._193Z441-11

55600u. 4.32191471-11

588000. 4.22683241-11

590000. _.|340184E-11

592000. _.04341491-11

KINETIC

TEMPERATURE

deqrees K

1.5058640E 03

1.50592211 03

1.5059751E 03

1.506OZZHE 03

1.5060654E 03

i.50610291 03

1.5061352E 03

MOLECULAR DENSITY COEFFICIENT SPEED OF

TEMPERATURE OF VISCOSITY SOUNO

de,eel K k_ m-3 fllWtON-I_ m "2 m lee -I

2.55665006 o3 6.2970561_-13 7.06697031-05 1._1363291 03

2.5600500_ 03 6.1495511_-13 7.07205671-U5 1.01430671 03

2.56345001 03 6._0577131-13 7.07713941-05 1,0149800_ 03

2.56685001 03 5._6561361-13 7.0_22185k-05 1.01565291 03

2.5702500E 03 5.72898141-13 7.08729401-05 1.0163253_ 03

_-5736500E_____5,5_57806_-I__7.J_9_3_60k:05___L_OL6qg______3

2°5770500E 03 5.46591_3E-13 7.07763441-_5 |,01766881 03
594000. 3.954964L_-11 L.5061623_

596000. 3.86861141-11 1.506184_

598000. _ _ 3.754103H_-11 1.5062010_

60UUO0. 3.70198891-11 1.5062126[

602000. 3.62155771-1! |.506292_E

606000. 3.5_2984_b-|1 1.50636971

60600G. 3.46622451-11 1.5064_51E

608000. 3.3912334E-11 1.5065186E

610000. 3o317968_E-|1 1.5065899E

612000. 3o24638591-11 1.5066593E

61_000o 3.17644551-11 1.5067267E

03 2.5804500E 03 5,3393065_-|3 7.102_992[-O5 L,0183399g 03

03 2.58385001 03 5.2158557E-13 7.1015606_-_35 1.0190106_ 03

03 2.587Z5001 03 5._954831e-13 7.1126183P-05 1.0196808k 03

03 2.5906500k 03 4.97810581-13 7.1i167266-05 1.02035061 03

03 _._928500_ 03 _+8658hgJ_ 7.12094101-05 1.02078371 03

03 2._9505001 03 4.75621Z9_-13 7.1Z_2081E-05 1.0212_67_ 03

03 2.59725001 03 4o_4922641-13 7.12747361-05 1.02164951 03

03 2.59945006 03 4o54479151-13 7.1307377E-05 1.0220821E 03

03 2.60165001 03 4o44284451-13 7.1340003F-05 1.0225145E 05

03 2.60385001 03 4.3433Z101-13 7.1372615E-05 1.0229468[ 03

03 2.60605001 03 4.24616061-13 7.1405212_-05 1.02337881 03

03 2.6082500k 03 4.16130731-13 P.14377951-05 1.02381071 03

03 2.6104500E 03 4.05869951-13 7.14703611-05 1.02624241 03

03 2.6126499E 03 3.96828366-i3 7.15029151-05 1.0246739E 03

03 Z.61_85OOE 03 3.55000401-13 7.15354541-05 1.02510521 03

03 2.6170500_ 03 3°79_8056E-13 7.1567978_-05 1.0255363E 03

03 _°6192500E 03 3.7096400E-13 7°16004871-05 1.02596731 03

03 2.6214500E 03 3.62745_81-13 7.16_298ZE-05 1.0263981E 03

03 2.6236500E 03 3.54720121-13 7.1665463E-05 1.0268287E 03

03 2.6258500E 03 3.4688313E-13 7.1697928E-05 1.0272591_ 03

03 2.6280500E 03 3.39Z29801-13 7.17303601-05 1.0276894_ 03

03 2._302500E 03 3.3175568E-13 7.1762818£-05 1.02811941 03

03 2.6324500E 03 3.244562|E-13 7.17952391-05 1.02854931 03

03 2.6346500E 03 3.1732726k-13 7.1827648E-05 1.0289790_ 03

03 2.6368_00E 03 3.10364481-13 7.1860043E-05 1.0294085E 03

03 2.6390500E 03 3.0356381E-13 7.18924221-05 1.02983791 03

03 2.6412500E 03 2.9692135E-13 7.19247871-05 1.0502_70_ 03

03 2.6434500E 03 2.9043309_-13 7.19571391-05 1o0306960E 03

03 2.6456500E .03 Z.8#O9535k-|3 7.19896751-05 1.03112481 03

03 2.64785001 03 2.7790439E-13 7.20Z17971-05 1.03155346 03

03 2.65005001 03 2.71856681-13 7.20541061-05 1.0319819E 03

03 2.6522500k 03 2.65948701-13 7.2086399E-05 1.0324102E 03

03 2.6544500E 03 _.6017698_-13 7.2118679£-05 1.0328383_ 03

03 2.6566499E 03 2._453834E-13 7.2150944E-05 1.033266ZE 03

03 2.6588500E 03 2.4902938E-|3 7.21831951-05 1.0336939k 03

03 2.66_0500E 03 2.4364696_-13 7.2215433_-05 1.03412151 03

03 2.66325001 03 2.3838819E-13 7.2267656k-05 1.0345489E 03

03 2.6654500_ 03 Z._324987E-13 7.22798641-05 1.03497611 03

03 2.6676500E 03 2.28229271-13 7.23120591-05 1.03540311 03

03 2.66985001 03 2.Z3323381-13 7.23442391-05 1.03583001 _3

03 2.6720500E 03 2.1852944E-13 7.2376407E-05 1.0362567E 03

03 2.67425001 03 2.13844931-|3 7.2408558[-05 1.0366832E 03

03 2.6766500E 03 2.09266971-13 7.24406971-05 1o03710951 03

616000. 3.10810981-11 1.50619191

618000. 3.06133691-11 1.50685521

620000. +2.976090HE-|1 1.506916_E

622000. 2.91Z3341E-II L.5069756E

626000. Z.8500294_-|_ [.50703Z7E

626000. 2.789[4421-11 1.50708781

628000. Z.1296_29E-[1 1.5071409E

630000. 2.67169251-[l 1.507|9191

632000. Z.6+1_6607E-11 1.5072_101

636000. 2.559115_E-11 1.50728791

636000. _.5048Z651-|1 1.50733281

638000. 2._5176291-1L 1.5073758E

640000. 2.39989671oll 1.50761661

642000? Z.3491983E-11 1°50745551

666000. 2.29964001-11 [.50749231

666000. 2.Z5119531-|_ 1.50752701

668000. 2.20_8369E-11 1.5075597E

65__0000_ _ _ 2.1575395E-11

652000. 2.1122777k-11

654000_ 2.06802761-11

656000° 2°02476671-11

658G00. L.9024656E-|1

66_000. 1.941108_E-11

662000. 1.9006698E-11

_000_ 1.8611281E-11

666000. 1.8224638E-1|

668000. |.7846547E-11

670000. 1°74768211-11

672000. + 1.71152526-11

676000. 1.67616511-|1

676000- 1.66158_4E-11

678000. 1.60776321-/1

L.50759041

1.5076191E

1.5076_57E

1.5076703E

_.5076928E

1.5077133E

1.5077318E

1.5077482E

1.5077626E

1.5077750E

1.5077853E

1.5077936E

L.50779991

1.5078041E

1.50780631

680000. 1.51468571-11

682000. _ 1.54233251-11

684000. 1.5106879E-11

68b000. _1-47973661-_1

688000. 1._49_b05Eoll

690000. L°41984531-11

692000. 1.3908750_-11

696000. 1.33481091-11

698000. _ 1_30__76882_-11

700000, 1.2811533E-11

1°5078064E

1.5078045E

1.50780061

1.5077946E

1.5077867E

1°5077766E

1.50776461

1.5077505E

1°5077343E

1.5077162E

1.5076960E

03 2o67865001 03 2.0479326E-13 7.24128211-05 1.0375357E 03

03 2.6808500E 03 2.0042101E-13 7.2504931E-05 1.03796161 03

03 2.683Q500E 03 1.9616794E-13 7.2537029E-05 1.0383874E 03

03 2°68525001 03 1.9197178E-13 7°25691111-05 |°0388131_ 03

03 2.68745001 03 1.87890031-15 7.26011791-05 1.0392385E 03

03 2.68965001 03 1.8390054E-13 7.2633234E-05 1.0396638E 0_

03 2.69185001 03 1°80001041-13 7.2665275E-05 1.0400809E 03

03 2°69_0500E 03 _.7618937_-13 7.269730_E-05 1.0405139k03

03 2°69625001 03 1°7246356E-13 7.27293141-05 1.04093861 03

03 2.6984500E 03 1.68821431-13 7.2761313E-05 1.0_13632E _3

03 2.70065001 03 1.65261G61-13 7.2793300S-_L¢I___s___.J___.77_O_



14. 44

TABLE 14. 11 (Continued)

GEOMETRIC PRESSURE

ALTITUDE RATIO

DENSITY VISCOSITY MOLECULAR

RATIO RATIO WEIGHT

unitilss unithlllS unitlNsmerits tmitie|$

580000. 4o54405781-12 5.3204963E-13

58200G. 4.44351736-12 5.|?58667E-13

584000. _.34538081-12 5.0743845E-13

58600Uo 4.24960881-12 4.95596281-|3

588000. 4.1561|721-12 4.8405197E-|3

590000. 4.Q64856DE-_2 4.T279759E-13

$q2000. 3.97576831-12 4.6182538E-13

594000. _ 3.88879731-12 4.5|127641-13

59600U° 3.80388931-12 4.40697061-13

59800U. 3.72099221-12 4.30526561-13

bOO000. 3.6_00543e-12 4.2060913E-13

602000. 3.560968BE-12 4.11|21651-13

604000. 3._B37103_-12 4.0186101E-13

60600U. 3.408234_E-12 3.92821531-13

60BOO0. 3.334497BE-12 3.B399763E-13

610000° 3.26245851-12 3.75383951-13

612000. 3.1920736_-12 3.6697503E-13

614000. 3.1233034E-12 3°5876577E-|3

616000. 3.056L109_-12 3.5075145E-13

618000° 2.99045511-1Z 3o42926841-13

620000.. ...... 2.q263006E-12 3.3528744E-13

622000. Z.8636105E-12 3°2782854_-13

624000 . 2.8023482_-1_ 3°_Q54548E-Z3

626000. 2.7424816E-12 3.1343417E-13

b28000. 2_.683975RE-12 3.0649020E-23

630000. 2.62679821-12 2.q9709421-13

_ZO00. Z_570qlTZE-12 2.9308781E-13

634000. 2.5163012E-12 2.8662138E-13

6_Q90_ 2.4629205E-12 2.80306361-13

638000. 2.410744BE-12 2.14138911-13

640000. 2.35974631-12 2.6B11552E-13

3.8612197E O0 l°70bOOOOb 01

3°B639?88E O0 |.7038000E 01

3.8667759E O0 1.7016000E 01

3.8695509E O0 1.6994000E 01

3.8?232411 O0 1.6972000E 01

3.8750953_ O0 t°695QO00_ Oh

3.8776645E O0 1.692BOOOE 01

3.8806318E O0 1.6qObOOOE 01

3°RB33972E O0 I.b884000E 01

3.8861607E O0 __1.6862000E 01

3.8889222E O0 1.68400001 01

_.RqO708_ O0 1.6826600E 01

3.Sq24939E O0 1.68132001 01

3.89427721 O0 1.6799800E 01

3.BqbObOTE O0 1.67864001 01

3.8978432E O0 1,6773000E O_

3.8996251E O0 1.6759600E 01

3.90160611 O0 1.67462001 01

3.qO31864E O0 1o6732800E Ol

3.90496571 O0 1.6719400E 01

3._0674441 O0 1.67060001 Ol

3.90852Z2E O0 1.6692600E Ol

3.91029921 O0 1.6679199E 01

3.91207551 O0 1.6665800E 01

3.913850QE O0 1.66524001 01

3.9|56256E oo 1°66390001 01

3.9173996E O0 1.66256001 01

3.919i7251 O0 1.6612200E 01

3.920q_81 O0 1.65988001 01

3._227163E O0 1.65854001 01

3._244870£ O0 1.6572000E 01

3.q262570E O0 1.65§06001 01

3.92802611 O0 1.65652001 01

3._2979441 O0 1.6531600E 01

3.93156201 O0 |.6518400E 01

3.93332881 O0 1.650S0001 01

3.q3509481 O0 1.64916001 01

3._3686011 O0 1.66782001 01

3.q3862651 O0 |.66668001 01

3._403882E O0 1.64_14001 01

3.94215111 O0 1.6438000E 01

3°q439132E O0 1.64246001 01

3.q456746E O0 1.64112001 01

3.9474352E O0 1°63978001 01

3.q49194QE O0 1.63844001 01

3.9509540E O0 1.6371000E 01

3.q527123E O0 1.6357600E 01

3.95446981 O0 1.6344200E 01

3.9562265E O0 1°6330800E 01

3.9579025E O0 1°6317400E 01

6_000_ 2.30q8961E-!Z 2.6223255E-13

6k4000. 2.26116691-12 2.56486541-13

6_b_00. 2.2135327_-12 2.50674211-13

648000. 2.1669666E-12 2.45392161-13

b_O00_. 2.!2]4438E-12 _.400372qE-13

652000. 2.07693921-12 2.348064_E-13

6540D0. 2.03342941-12 2.Z969662E-_3

656000. 1.99089031-12 2.2470486E-13

658000. _.Q492988E-12 2.19828221-13

660000. 1.90863351-12 2.1506403E-13

662000. 1o86887141-12 2o104094|E-13

664000. 1.82999131-12 2.058611LE-|3

666000. 1.79197391-12 2.01418481-13

668000. 1.7_47973_-1_ 1.97077031-13

670000. 1.7184431E-12 z.qze3503E-13

672000. 1.6828913E-12 1.8868995E-13

6T4000. 1.6481227E-|2 1.04639471-13

b76000. 1.6161206E-12 1.60681441-13

678000. 1.5B086521-12 1.7681344E-13

680000. 1.34B3411E-12 1.7303352E-13

682000. 1.5|65292E-12 1.6933933E-13

68_000. 1.485414_E-12 1.6572893E-13

686000. 1.65698031-12 |.6220042E-13

688000. 1.4Z5210_E-12 1.5875168E-13

690QQQ, [.39609;_-;? _.55_808QE-13

692000. 1.3676056E-12 1,52086131-13

694000. L,33973q_E-12 1.48865581-13

696000. 1.3126794b-12 1.657[7571-13

698000. t.285B105E-12 1.4264028E-13

3.95973771 O0 1.6304000E 01

3.96169211 O0 1.62q06001 01

3.qb32458E O0 1.6277200E 01

3oq6479871 O0 1.62638001 01

3.96675081 O0 1.6250400E 01

3.96850221 O0 1.6237QQ01 01

3.97025291 O0 1.62236001 01

3o9720027E O0 1°621020_ 01

3.07375181 OG 1.6196B00_ 01

3._755002E O0 1.61834001 O|

3 . 9772 _L_J_E_ QQ_LL_..L70000 E 01

PRESSURE

DIFFERENCE

flewtOflS cm "2

1.01701471 Ol

1.017014TE Ol

1.0170147E Ol

1.0170147E Ol

1.01701471 Ol

1o0170147£ 01

1.0170147E 01

1.01701471 01

1.0170167E Ol

1.0170147E Q_

1.0170147E Ol

1.0170147E 01

1.01701471 Ol

1.0170147E Ol

1.01701671 Ol

_,017014TE Ol

1.0170147E Ol

1°01701471 Ol

1.0170147E Ol

1.0170167E QI

1.0170!47E Ol

1.01701471 01

1.0170167E Ol

1.0170147E Ol

1.0170167101

1.0170147E Ol

1.017016710_

1.0170147E Ot

I.OITOI6TE Ol

1°0170147E 01

1.01701471 Ol

1.0170147E 01

1.01701471 01

hOITO]47L Ol

1.0170147E Ol

1.0110147_ Ol

1.0170147101

1.01701471 Ol

1.017014TE Ol

1.0170147E 01

1.0170147101

1.01701471 Ol

1.0170147101

1.0170147E 01

1.01701471 Ol

1.0170147E Ol

1.0170167E Ol

1°0170147E Ol

1.01701471 01

1.01701471 Ol

1.017014TE Ol

1.01701471 Ol

1.0170147E Ol

1.0170147E 01

1.017014TE Ol

1.0170147E Ol

1.017014Tt O|

1.017014TE Oh

1.017014TE Ol

1.01701471 Ol

1.0170147E 01
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Even though only mean values are tabulated in the U. S. Standard

Supplements, 1966, extreme density values suitable for use in vehicle design

calculationscan be obtained from the document. To insure uniformity for

space shuttledesigners, those extreme densities are listedin Table 14. 12.

For all computations, these tabulatedmaximum and minimum values may be

used with the appropriate mean values of temperature and pressure.

G. V. Groves (Ref. i4.ii) has constructed similar nominal lati-

tudinal/seasonal atmospheric models from 25 to li0 kilimeters altitude.

Results of a study on the distributionsof temperature, pressure, and density

between 30 and 80 kilometers by A11en E. Cole (Ref. i4.12) gives estimates

of probable worldwide extreme values.

14.8.1 Atmospheric Density for Reentry Analyses

Since atmospheric parameters are seldom constant over large

areas, itis unrealisticto expect minimum, maximum, or mean values of

density to exist over the entire reentry trajectory. However, ifone is con-

cerned only with instantaneous vehicleheating computations (not considering

accumulated heat), the density value producing the most severe heating may

be used at every point of the trajectory (for example, the July maximum

values from Table 14.12 for 60°N from 90 to 70 kilometers and the July

maximum values for 45° N latitudefrom 70 to 30 kilometers).

In some design problems, itmay be useful to consider density changes

along the trajectory -- changes thatmay occur in the atmosphere. For

example, when accumulated heat calculations are made, realisticresults

can be obtained by allowing the density to change in a somewhat regular

manner over the vehicle trajectory. This problem is rather complex because

both horizontal and vertical gradients must be considered. Since both high

and low density extremes and extreme gradients occur at high latitudes,for

design purposes itwill sufficeto consider only those areas.

The design procedure outlined here assumes that for heating studies

the reentry flight trajectories will be calculated along a reference atmosphere

(U. S. Standard Supplements, 1966) upon which a perturbation (or density

gradient) will be imposed. A variety of density changes can be encountered

within the bounds indicated in Figures 14. 8 and 14. 9. By tying all gradients

to a common reference -- percent departure from US 62 - the density at

any point can be evaluated. Also, the horizontal and vertical gradients can

be considered separately or additively. The density gradients (or perturba-

tions) specified here are applicable to the 60 ° N Supplemental Atmospheres.
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14.8.1.1 Example of Density Gradient Cal.culation

To illustrate the possible density gradients, three cases will
be considered.

Case 1. Flight at Constant Altitude. The maximum horizontal

density gradients from Table 14. 13 may be applied in any direction, i.e., at

any time the reentering vehicle may be flying from relatively low to high

density or high to low density. This is illustrated in Figure 14. 8 at 72

kilometers. In both cases the density change when referenced to percent

departure from the US 62 amounts to 40 percent. The percent change relative

to the density at the initial point is + 91 percent for a vehicle flying toward

higher density and -47 percent toward lower density.

TABLE 14. 13 DESIGN HORIZONTAL DENSITY GRADIENTS -- CHANGE OF

PERCENT DEPARTURE FROM US 62, PER 110 km (not to exceed 1100 km)

High Latitude

(above 37. 5 ° N and S)

Low Latitude

(37. 5° N, 37. 5" S)
Altitude

(km) January July January July

1.0

3.6

4.0

3.7

3.3

2.8

1.8

0.2

0.6

0.7

0.6

0.5

0.4

0.3

0.3

2.0

2.2

2.0

1.5

1.1

0.5

9O

8O

7O

6O

5O

4O

3O

0.1

0.5

0.6

0.5

0.4

0.3

0.2

Note: Use linear interpolation to obtain gradients at
altitudes between those listed.

Values of change of percent departure from US 62 given in Table 14. 13
were computed from

-- 100 - " 100 = change of percent
departure

( 14. 8)
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where

Ps = density of US 62

pa 1 ambient density at initial point

pa 2 ambient density at final point.

Case 2. Vertical Flight. The maximum and minimum density changes

from Table 14. 14 are relative to the density at the higher level; these values

are not percent departures from the US 62. A different reference must be used
in this case because the vertical percent change of density is related to the

temperature and temperature gradient in a column of air. The horizontal

density gradient, on the other hand, was determined from an assumption
of the minimum distance between two dissimilar columns of air. Although

the vertical and horizontal gradients are referenced to different bases, they

can be converted to a common reference while applying the perturbation.

This is also illustrated in Figure 14. 8.

TABLE 14. 14 DESIGN VERTICAL DENSITY GRADIENTS PERCENT

INCREASE OF DENSITY IN 2-kin LAYERS

Altitude January July

(kin) Maximum Minimum Maximum Minimum

9O

8O

7O

6O

5O

4O

3O

85

85

5O

45

45

5O

5O

7

7

20

20

20

20

20

75

75

5O

4O

4O

4O

45

30

25

20

20

20

20

20

Note: Use linear interpolation to obtain gradients between
listed altitudes.

Values of percent increase in vertical density gradients given in

Table 14. 14 were computed from

- PH

' PH J I00 = percent increase of density
(14. 9)
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PL = ambient density at lower altitude

PH = ambient density at higher altitude.

Temperature and temperature gradients dictate that the density should not

increase more than 50 percent while descending from 72 to 70 kilometers.

If the density at 72 kilometers is near the minimum, a 50-percent increase

amounts to about a 6-percent change In relative departures from the US 62. If

the density at 72 kilometers is near the maximum value, a 50-percent in-

crease amounts to about a 12-percent change. Since the 50-percent increase

may not be exceeded, the change in percent departure from the US 62 can only

be determined after the 50-percent increase is computed.

Case 3. Flight Along a Trajectory. A combination of horizontal

and vertical density gradients may be encountered along the flight path. To

simulate this situation (or to apply the maximum perturbation to the reference

atmosphere), the vertical gradient should be converted to percent departure

from the US 62 so that the difference in the deviations may be added to the

horizontal gradient. For example, start with minimum density at 72 kilome-
ters (density = 2. 9301) ; apply the horizontal gradient for 1100 kilometers

(or any fraction thereof) ; then increase the resultant density by 50 percent.

If only a part of the 1100 kilometers were traversed at 72 kilometers, the

remainder of the horizontal density gradient may be added at 70 kilometers.

The perturbation must be reversed when the density reaches the maximum

or minimum boundary (Figure 14. 8).

14.8.1.2 Detailed Description of the Perturbation Procedure [ Figure

14. 8; Append to all Density (p) values: × 10 -5 kg m -a]

Since the density gradients illustrated in Figure 14. 8 occur

only during winter in high latitudes, the perturbation is imposed on the

60 ° N January Supplemental Atmosphere. The density at the starting point

(74 km) is taken directly from Reference 14. 4, Table 5. 1 (60 ° N Jan. ). Since

this perturbation goes first from mean to minimum density the first objective

is to apply some combination of horizontal and vertical density gradients

that will accomplish a change from p = 3. 392 at 74 kilometers to p = 2. 9301

at 72 kilometers. Obviously horizontal (or nearly so) flight to a region of
lower density must be encountered during the 2-kilometer descent One com-

bination of gradients that wiII accomplish the objective is shown in Figure 14. 8.

Backing off from p = 2. 9301 with the minimum vertical gradient of + 20

percent (Table 14. 13) gives p = 2. 4417 at 74 kilometers. This value is a
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-51.3 percent departure from the US 62. The difference between the starting

point density converted to percent departure from the US 62 (-32. 4%) and

the point described above [-51.3% - (-32. 4%) = - 18.9%] gives the horizontal
density change. Since the maximum gradient is + 4%/110 kilometers

(Table 14. 12) the minimum distance between the two density values at

74 kilometers is 18. 9% ÷ 4%/110 kilometers or 519. 75 kilometers.

Having reached the minimum density value at 72 kilometers (US 62
-56% US 62 or 44% × 6. 6593 - 2. 9301) we now wish to exercise the maximum

horizontal and vertical gradients. Applying the full horizontal gradient
amounts to moving 40 percent (4%/110 km for 1100 kin) on the percent

departure from US 62 scale. At 72 kilometers this change is from a -56

percent departure from US 62 to a -16 percent departure from US 62, or

from p = 2. 9301 to p = 5. 5938. The full vertical gradient may be applied

at this point (p = 5. 5938) until the high density boundary is reached; the

density during this exercise may not exceed a -6 percent departure from the

US 62. If the maximum vertical gradient had been imposed before the

horizontal gradient the perturbation would have stayed within the boundaries.

As illustrated, the densities are: p = 2. 9301 + 50% = 4. 3951 or ~ -50%

departure from US 62. Then -50% + 4%/110 for 1100 kilometers = -10%

departure from US 62. The computed density at this point is 90 percent

US 62 or p = (0. 90) (8. 7535) = 7.8781. Any combination of horizontal and

vertical gradients within the tabulated limits may be used. The two illustrated

in Figure 14. 8 show that the perturbation allows changes across the full range
of density near 70 kilometers altitude.

To complete the perturbation it is only necessary to return to mean

density at 68 kilometers (p = 7. 435 from Reference 14. 4, Table 5.1 60 ° N Jan.).

Again, a number of combinations of vertical and horizontal gradients will per-

mit the change from p = 8. 2283 at 70 kilometers to p = 7. 435 at 68 kilometers.

Extra computations can be avoided by first applying the vertical gradient
(either maximum or minimum).

14. 8. 1.3 Restrictions on Perturbation

Only one horizontal gradient may be encountered from entry

to landing. This means a change from mean to minimum (or maximum)

then to maximum (or minimum) then a return to mean density. A complete

cycle beginning and ending with the mean density of the appropriate reference

atmosphere mustbe used. While the perturbation, once begun, must go

through a full cycle, the maximum and/or minimum values of density may
exist for a distance not to exceed 200 kilometers.
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SECTION XV. DISTRIBUTION OF SURFACE EXTREMES

IN THE UNITED STATES

By

Glenn E. Daniels and Orvel E. Smith

15. 1 Introduction

For component parts manufactured, transported, or tested in geo-

graphical areas not discussed in other sections of this document, this section

can be used for environments needed in design and planning. These environ-

ments may be applicable to transportation, fabrication, or testing.

15. 2 Environments Included

(a) Air temperature, extreme maximum and minimum,

(b) Snow fall - snow toads, 24-hour maximum and storm maximum,

(c) Hail, maximum size,

(d) Atmosphere pressure, extreme maximum and minimum.

15. 3 Source of Data

The extremes presented have been prepared using data from Weather

Bureau stations _d published articles. .These extremes represent the highest

or lowest extreme value measured at each station. The length of record varies

from station to station, but most values represent more than 15 years of

record. Where the local surroundings have a geographical area with a special

influence on an extreme value (such as the minimum temperature on a high

mountain peak or other local condition/, it will not in general be shown on the
maps presented unless a Weather Bureau station is located there. If there

is a cohtractor at such a locality and an item of equipment is especially

sensitive to an environment, a study is needed of the local environment where
fabrication is to be made.

15. 4 Extreme Design Environments 1

1, All values of extreme maxima and minima in this section are for design

purposes and may or may not exactly reflect extrapolations (theoretical or

otherwise) of actual measured values over the available period of record.
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15.4.1 Air Temperature

The distribution of extreme maximum air temperature in the United

States is shown in Figure 15. IA, while Figure 15. 1B shows the extreme

minimum temperature distribution. The maps (Figures 15. 2A and 15. 2B)

from Reference 15.1 show the mean temperature and standard deviations of

the temperatures from the means for January and July.

A

To estimate the temperature T that is attained or exceeded with a

frequency p, from Figures 15. 2A and 15.2]3, find from the appropriate figure,
by interpolation as needed, the mean temperature T and standard deviation

ST and substitute these in the equation

= ¥+ST" Ys [°F]"

Values of Ys for various calculated risks are:

Cold Temperatures

(Figure 15.2A)

Hot Temperatures

(Figure 15.2B)

"P Ys P Ys

o_2o - o.- 4 o. + o
O. 10 - 1.28 0.90 + 1.28

0.05 - 1.65 0.95 + 1.65

O. 025 - i. 96 0.975 + i. 96

0.01 - 2.33 0.99 +2.33

(See footnote 2. )

15.4. 2 Snow Fall - Snow Load

The maps in Figures 15. 3 and 15. 4 show the maximum depth of snow

and the corresponding snow loads. Figure 15. 3 shows the maximum depth for

a 24-hour period; Figure 15. 4 shows the maximum depth and the corresponding
snow loads for a storm period. The storm total map shows the same snow

depth as in the 24-hour map in the southern low elevation areas of the United

States since snow storms seldom exceed 24 hours in these areas.

The terrain combined with the general movement of weather patterns

has a great effect on the amount of fall, accumulation, and melting of the
snow. Also the leng_ of a single storm varies for various areas. In some

. The 95th percentile value is recommended for hot day design ambient
temperatures over runways for landing-takeoff performance calculation

using Figure t5. 2B, the 5th percentile is for cold day design.
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areas in mountain regions much greater amounts of snowfall have been

recorded than shown on the maps. Also the snow in these areas may remain

for the entire winter. For example, in a small valley near Soda Springs,

California, a seasonal snow accumulation of 7.9 meters (26 ft)with a

density of about 0.35 was recorded. This gives a snow load of 2772 kg/m 2

(567.7 Ib/ft2). Such a snow pack can do considerable damage to improperly

protected equipment buried deep in the snow. This snow pack at Soda Springs

is the greatest on record in the United States and was nearly double previous

records in the same area. A study of the maximum snow loads in the

Wasatch Mountains of Utah (Ref. 15.2) showed thatfor a 100-year return

period at 2740 meters (9000 ftJ, a snow load of 1220 kg/m 2 (250 Ib/ft2) could

be expected.

i5.4. 3 Hail

The distribution of maximum sized hail stones in the United States is

shown in Figure 15. 5. The sizes are for single hailstones and not conglomer-

ates of several haft stones frozen together.

15. 4. 4 Atmospheric Pressure

Atmospheric pressure extremes normally given in the literature are

given as the pressure which would have occurred if the station were at sea

level. The surface weather map published by the United States Weather Bureau

uses sea level pressures for the pressure values to assist in map analysis

and forecasting. These sea level pressure values are obtained from the

station pressures by use of the hydrostatic equation:

dP = pgdZ

where

dP = pressure difference

p = density

g = gravity

dZ = altitude difference.

These sea level data are valid only for design purposes at locations with

elevation near sea level. As an example, when the highest officially reported
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sea level pressure observed in the United States of 106 330 N/m s ( 1063.3 mbJ

occurred at Helena, Montana (Ref 15.3J, the actual station pressure was about

92 100 N/m 2 (921 mbJ because the station is 1187 meters (3893 ftJ above mean

sea level.

Figures 15. 6 and 15. 7 show the general distribution of extreme

maximum and minimum station pressures in the United States. Because of the

direct relationship of pressure and station elevation, Figures 15. 8 through
15. 11 should be used with the station elevation to obtain the extreme maximum

and minimum pressure values for any location in the United States. Similar

maps and graphs in U. S. Customary Units are given in Reference 15.4.

Table 15. i gives a list of the station elevations for a number of locations in
the United States. These are elevations of the barometer at the local

Weather Bureau office.
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40

FIGURE t5. tA EXTREME MAXIMUM TEMPERATURE (o C)

.J

o

FIGURE 15. 1B EXTREME MINIMUM TEMPERATURE (° C)
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FIGURE 15. 2A ISOTHERMS OF JANUARY HOURLY SURFACE

TEMPERATURES (Approximate mean values (° F) are shown by

solid lines, standard deviations (° F) by broken lines. The

approximations were made to give best estimates of lower 1-

to 20-percentile values of temperature by normal distribution. ) _

o Valley, Shea L., "Handbook of Geophysics and Space Environments,"

McGraw-Hill Book Company, Inc. , New York, 1965.
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FIGURE 15. 2. B ISOTHERMS OF JULY HOURLY SURFACE TEMPERATURES

(Approximate mean values (° F) are shown by solid lines, standard deviations

(° F) by broken lines. The approximation were made to yield the best

estimates of upper 80- to 99-percentile values by normal distribution) _

3. Ibid.
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FIGURE 15.3 EXTREME 24-HOUR MAXIMUM SNOW FALL (mm)



i

/

15.9

5#0'

MAXIMUM SNOW LOAD

mm kg/m _-

0-250 [_ 25

250-500 _ 50

500- 750 _ 75

750-1000 _ I00

1000-1250 _ 125
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FIGURE 15. 5 EXTREME MAXIMUM HAIL STONE DIAMETERS (mm)
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/

FIGURE 15. 6 MAXIMUM ABSOLUTE STATION PRESSURE (N/m 2)
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L

FIGURE 15. 7 MINIMUM ABSOLUTE STATION PRESSURE (N/m 2)
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TABLE 15. i ELEVATIONS OF CITIES OF THE UNITED STATES

(Values are elevation of barometer at U. S. Weather Bureau Station)

Localiou ElevaUi_ i MSL Locaiton EleveUon t MSL

{ feet I (m_ters) ( feet t ( me mrs

ALAISAId._ LOUISIANA

Btz'minl_sm 010 188. 9 Lake ChL-'irs ll 9. I

Mob/_ 211 44.2 Now Oz'1o8_8 3 0.9

ARIZONA Shreveport 174 53.0

Phoenix II00 385, 2 MAINE

iuma 199 85. 7 Car/b_ 624 190.2

Poiqiiad 61 18.6
ARKANSAS

Fort Smith 499 132. I MARYLAND

Little Rook 287 78. 3 Baltimore 14 •.3
Tersrkrsa 301 110. O

MA88ACHU_TTS

CALIFORNIA Boston I8 4.9

Eureka 4_ 13. 1 Nanilickel 4,3 13.1

Fresno 331 1O0. 9

Los Aalpleo 312 9_ I MICHIGAN

B4torsmento 20 3. I /kl_rs 587 178.9

Saa Diego 19 5. 8 Detroit 919 188.7

Sen Frm_isoo 52 15. 8 iL-'quet/e 377 206.3

SSUlt Stm. MArie 721 219. 8
COLCRAIX)

Denver 3292 1913. O M_A

Orsad Jtmet/oo _ 1478. O Duluth 1 In 354. 3

Posbio 44L_ 1414. 0 ]Msrtm£_o_ FiJ18 1179 389. •

CONNEC'FJiCUT Mlemrsp_ls 83O 133. O
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SECTION XVI. ATMOSPHERIC ATTENUATION RELATIVE

TO EARTH-VIEWING ORBITAL SENSORS

By

S. Clark Brown

16. 0 Introduction

Earth-viewing space missions offer exciting new possibilities

in several earth resources disciplines - geography, hydrology, agriculture,

geology, and oceanography, to name a few. A most useful tool in planning

experiments and applying space technology to earth observation is a statistical

description of atmospheric parameters. For example, cloud cover statistics

might be used to predict mission feasibility or the probability of observing a

given target area in a given number of satellite passes.

To meet the need for atmospheric statistics, NASA-MSFC has

sponsored the development of the four-dimensional atmospheric models

(subsection 16. 3) and the world-wide cloud model (subsection 16. 2). The

goal of this is to produce atmospheric attenuation models to predict degrada-

tion effects for all classes of sensors for application to earth-sensing experi-

ments from space-borne platforms. To insure maximum utility and applica-

tion of these products NASA-MSFC also sponsored the development of an

"Interaction Model of Microwave Energy and Atmospheric Variables," a

complete description of the effects of atmospheric moisture upon microwaves.

16.1 Interaction Model of Microwave Ener_r and Atmospheric
Variables

While the visible and infrared wavelengths find clouds opaque,

the microwave part of the electromagnetic spectrum is unique in that cloud

and rain particles vary from very weak absorbers and scatterers to very
significant contributors to the electromagnetic environment. This is illustra-

ted in Figures 16. 1, 16. 2, and 16. 3, which are extracted from the final

report on the interaction model (Ref. 16. 1).

16.1.1 Scattering and Extinction Properties of Water Clouds

Over the Range 10 cm to 10/_.

Figures 16. 1 and 16. 2 show the unit-volume scattering and

extinction properties of two modeled cloud drop distributions computed using

the Mie theory. Figure 16. 1 gives the extinction coefficient as a function
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of wavelength while Figure 16. 2 presents the single scattering albedo for

two cloud models representing fair weather and rainy conditions. The curves

show the wavelength regimes appropriate to the two cloud types in which

scattering effects are relatively unimportant, and in which the extinction

coefficient follows the simple Rayleigh ( 1/_ 2 ) dependence.

16.1.2 Zenith Opacity due to Atmospheric Water Vapor as a Function
of Latitude

In the preparation of Figure 16. 3 five years of climatological

data from the MIT Planetary Circulations Project were used to obtain mean

water vapor distributions applicable to the latitudes 0 ° N, 30 ° N, and 90 ° N,
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corresponding to tropical, mid-latitude, and arctic conditions. The total

water vapor content for the three cases are 4. 5, 2. 5, and 0. 5 g/cm _,

respectively. The curves demonstrate the effect of climatological extremes

in simulating and predicting the influence of atmospheric water vapor upon

surface observations from a space observer, over the range from 10 to

350 gigahertz. A detailed report on the interaction model is available upon

request.

16.2 Cloud Cover

16.2. I Introduction

One of the main obstructions to observing the earth's surface

from satellite altitudes is cloud cover. Although some sensors show less

cloud effect than others, of the three main classes of sensors (cameras,

thermal infrared, and radar) cameras are the most advanced, but are also
the most sensitive to cloud cover.

The expense and complexity of space missions demand that the con-

sequence of cloud cover be evaluated in advance. First, mission feasibility

must be determined. Then, the mission must be planned to provide sufficient

time and expendables to insure a high probability of success. Previously,

in computer simulations of earth-oriented space missions, clouds were

either disregarded completely or were assumed to be present about 50 percent

of the time. Now, by using the world-wide cloud cover statistics (Refs. 16.2,

16. 3, and 16. 4) and the simulation.procedure described here, it is possible
to provide a realistic evaluation of the consequence of cloud cover on earth-

viewing space missions.

Results of the simulations, which can be made for target areas of

various size on a global basis, are generally given in two forms. First,

the satellite pass number and probability of success are considered as

variables with the required percent photographic coverage of the target

area fixed. For example, if 95 percent photographic coverage of the target

area is required for success, the results would be given as the probability

of success versus the pass number. A plot of these results (Figure 16.4)

might show that there is a 60 percent chance of photographing 95 percent of

the target area in six satellite passes. Second, the pass number is fixed

while the percentage of area photographed and the chance of success are

treated as variables. Results in this case are given as the percent chance of

achieving some percent of photographic coverage of the target area by some

limiting pass number. These results (Figure 16. 5) might show that after

eight satellite passes, there is a 60 percent chance of photographing 90 per-
cent of the target area.



16.5

100

14.

eo
z
.,#

4°

_ 20
i

0

q Blail_ m I

/j
I

! !

0 5 10 1§

NUMBER OF SATELLITE PASSES

FIGURE 16.4 PROBABILITY OF 95-PERCENT PHOTOGRAPHIC

COVERAGE OF TARGET AREA

!.
u_

_40-

ca 0
! I I I I

0 20 40 60 80 100 %

CUMULATIVE AREA PHOTOGRAPHED

FIGURE 16.5 PHOTOGRAPHIC COVERAGE OF TARGET AREA

AFTER EIGHT SATELLITE PASSES



16.6

16. 2. 2 Background

Before the simulation procedure is outlined, it may be helpful

to briefly describe the world-wide cloud cover statistics and some simulation

applications. These cloud statistics, representing a first effort toward

providing cloud data designed expressly for computer simulation exercises,

were developed during the period January t967-January 1968 and March 1970-

January 1971 by Allied Research Associates, Inc., under contracts NAS8-21040

and NAS8-25812. After dividing the earth into 29 homogeneous cloud regions,

probability distributions for cloud categories by region and monthly reference

periods were prepared for each 3-hour interval (Tables 16. 1 and 16. 2). For

application to computer simulation programs, the cloud region boundaries

were adjusted to the nearest even numbered lines of latitude and longitude

(Figure 16.6).

TABLE 16. 1 CLOUD COVER DEFINITION

Category Tenths Eighths (Octas)

1

2

3

4

5

0

1,2,3

4,5

6,7,8,9
10

0

1,2

3,4

5,6,7
8

TABLE 16.2 BASIC CLOUD STATISTICS - CLOUD REGION: 19;

MONTH: JANUARY

Cloud

Category

i

2

3

4

5

01 04 07

0. 31 0.30 0. 18

0. 08 0.06 0.09

0.04 0.04 0. 04

0. 11 0.10 0.15

0.46 0.50 0.54

Time (LST)

10 13 16 19 22

0.16 0. 15 0. 16 0.24 0.30

0.08 0. 12 0.10 0. 10 0.08

0.04 0. 04 0.06 0. 05 0.05

0.16 0.17 0.21 0.16 0.14

0.56 0. 52 0.47 0.45 0.43
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Sinceclouds generally display somedegreeof persistence, time and
spaceconditional statistics were developed for bach homogeneous cloud

region (Table 16. 3). The basic statistics (Table 16. 2) apply to an area
approximately 48. 3 kilometers ( 30 n. mi. ) 1 in diameter, while the conditional

data are based on a time separation of 24 hours and space separation of

322 kilometers (200 n. mi). In these same studies, techniques were developed

to adjust the conditional statistics for times and distances other than 24 hours

and 322 kilometers (200 n. mi. ), and to scale both the basic and conditional

statistics for application to enlarged target areas.

TABLE 16.3 CONDITIONAL CLOUD STATISTICS,

CLOUD REGION 19, JANUARY

Given

Cloud

Category

1

2

3

4

5

Space Conditionals

1

0.68

0.13

0. 09

0. 09

0.11

Cloud Category

2 I 3 4
1

0. 1110. 05 0.09

0.3210.07 0.13

0.200.12 0.42

0. 14 0.10 0. 58

0.12 0.11!0.27

5

0. 07

0. 35

0. 17

0; 09

0.39

Given

Cloud

Category

1

2

3

4

5

Time Conditionals

Cloud Category

0.410.12i0.09 0.25

0. 23 0. 29!0.10 0.23

0. 14i 0.26L0.13 0.35

0. 1610. 15 0.06 0.43

0.1810.07 0.10 0.28

] 5

0.13

0.15

0.12

o_ 20

0.37

16.2.3 The Simulation Procedure

A typical space mission for earth resources might require

that an area 161 x 161 kilometers ( 100 × 100 n. mi. ) be photographed in

color. Perhaps the orbital parameters are such that the spacecraft will

pass over the target area at 24-hour intervals and the photographic require-

ments will be satisfied with a montage pieced together from increments

obtained on each pass. The mission planner might ask, "How many passes

will be required to be 95 percent confident of photographing 80 percent of the

area?" If the mission were also limited to a specific number of passes by

the amount of film or other expendables, the planner would also need an

analysis of that limiting pass number. For example, 'r_Vith what degree of

confidence can one expect to photograph 80 percent of the area by pass

. Nautical miles (n.mi. ) were used in the contract study by Allied
Research Associates.
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number 127" To answer these and other questions, a computer program

using a Monte Carlo mission simulation procedure was developed. In this

procedure, the target area is divided into 100 equal parts so that each part

represents one percent of the area. Before starting the process, the uncon-

ditional and conditional statistics, after being scaled for the area size, are

arranged in cumulative form by summing across each row. The fraction of

target areas that can be photographed under each cloud category is decided

upon at some earlier time, primarily on the basis of the sensors being used.

In any case, as part of the input, it can be changed as the experimenter de-

sires. Table 16. 4 shows a basic set of cloud statistics plus the cumulative

arrangement and the maximum part of the area photographable under each

cloud category. In this case, it was decided that the photographable part of

the area would be 1 minus the mean cloud cover for each category.

To start the procedure, a random number is generated and used to

extract from the unconditional summation the cloud category for the first

satellite pass. For example, if the first random number gave cloud category

3, to which a 55 percent cloud cover had been assigned, 45 percent of the

target area would be photographed on the first pass. Of course, the photo-

graphic coverage obtained from each satellite pass over the target could be

incremented without specifying which 45 parts were photographed. However,

specifying by number those parts of the target area photographed on each

pass permits a more realistic accumulation after 80 to 90 percent of the area

has been photographed and a finite probability of acquiring 100 percent of the

area. The next step then is to determine which 45 parts of the area were

photographed on the first pass. This is done according to the season. If

frontal clouds predominate, the 45 parts are arranged in an organized contig-

uous pattern. On the other hand, if air mass cumulus clouds are expected

(tropical regions or midlatitude summer months), the 45 parts are scattered

randomly throughout the area. For the first pass, then, after the cloud cover

was determined by a random number process, the locations of the cloud-free

parts of the target area were specified by a prearranged design. Finally,

the percentage of the target area photographed was tallied.

The cloud cover encountered on the second pass is selected from the

conditional row (summed across) designated by the first pass, or the given

category, by means of a new random number. If the random number selects

cloud category 4, then 75 percent of the area is cloud covered and 25 percent

(or 25 numbered parts) is cloud-free and can be photographed. However,

all or part of the 25 percent might have been acquired on the first pass. To

account for this possibility, 25 discrete random numbers are drawn to identify

the numbered parts of the target area to be photographed on this pass. Of

course, only the newly acquired parts of the target area are incremented;

those photographed for the second time do not contribute to the total photo-

graphic coverage.
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TABLE 16. 4 ARRANGEMENT OF CLOUD STATISTICS

FOR COMPUTER SIMULATION

Maximum Area Photographable per Pass

CC-1 CC-2 CC-3 CC-4 CC-5

1. 000000 0.750000 0.450000 0. 250000 0.000000

Unconditional Probability Statistics

CC-1 CC-2 CC-3 CC-4 CC-5

0.000000 0. 030000 0.050000 0. 550000 0.370000

Given Conditional Probability Statistics
Cloud

Category CC-1 CC-2 CC-3 CC-4 CC-5

1

2

3

4

5

Given

Cloud

Category

1

2

3

4

5

0.000000

0.000000

0.010000

0.000000

0.010000

0.110000

0.130000

0.100000

0.070000

0.090000

0.000000

0.100000

0.100000

0.060000

0.080000

0.000000

0.360000

0.470000

0.460000

0.410000

0.890000

O. 41O0OO

0.320000

0.410000

0.410000

Cumulative Unconditional Probability Statistics

CC-1 CC-2 CC-3 CC-4 CC-5

0. 000000 0. 030000 0. 080000 0. 630000 1. 000000

Cumulative Conditional Probability Statistics

CC-1

0.000000

0.000000

0.010000

0.000000

0.010000

CC-2

0.ii0000

0.130000

0.II0000

0.070000

0.i00000

CC-3

0.110000

0.230000

0.210000

0.130000

0.180000

CC-4

0.110000

O. 59OOOO

O. 68OOOO

0.590000

0.590000

CC-5

1.000000

1.000000
1.000000
1.000000

1.000000
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All subsequent passes are handled in the same way. The cloud cover

encountered on the previous pass becomes the given condition and identifies

the conditional statistics to be used on the current pass. After selecting the

cloud cover, several additional random numbers are generated to identify the

parts of the target area that are cloud-free. The parts acquired on each

pass are accumulated until the entire area has been photographed or until the

maximum number of passes has been made. This procedure is illustrated in

Table 16.5. The top sections represent the target area divided iflto 100

parts; the "lts'' depict clouds while the "0ts '' show the clear parts. The

summary at the bottom shows the cumulative percentage of area photographed,

the random number used to select each cloud cover, the cloud cover selected

for each pass, and the pass number. In this example, the first random

number, 0. 072, specifies cloud category 3:55 cloud-covered parts and 45

clear parts. The arrangement of the cloudy area as shown at the top left is

an arbitrary'design chosen because frontal clouds were considered more

likely at this time and location.

To account for cloud persistence, the cloud-cover category selected

for pass 2 is taken from row 3 of the cumulative conditional probability

statistics (Table 16. 4). Entering that row with the new random number,

0. 531, give cloud category 4, or 25 clear parts, for pass 2. The locations

of the 25 clear parts ("0ts ,,) as given by additional ran_iom numbers is shown

in the top center section of Table 16. 5. The top right section showing the

cumulative area photographed after pass 2 contains 60 "Ors '' rather than

70(45 + 25) because 10 of the 25 clear sections of pass 2 were already

photographed on pass 1.

A summary of the subsequent passes, comprising one iteration, is

shown at the bottom of Table 16.5. Generally, 300 iterations are made to

simulate a photographic mission.

This Monte Carlo procedure is most useful when the satellite passes

over the target area at intervals of 24 hours or less, where cloud persistence

must be considered. If there are long time intervals between satellite passes

(perhaps 3 days or more), the cloud events may be considered independent

and the probability of success computed from the basic combinatorial

equation:

P100% = 1 - [1-P(1)I N (16.1)

or

(1- PlOO o)
N = (16. 2)

£n [l-P(1)]
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TABLE 16.5 PHOTOGRAPHIC PARTS OF THE TARGET AREA

CAP=45.0 PASS= 1 AP = 25 PASS = 2 CAP= 60.0 PASS= 2

1111111111

1111111111
1111111111
1111111111

1111111111
1111100000

0 O0 O000000
0 O0 O000000
00000 O0 O00
0000000000

B(N) RAN C(N)

1101111101

0001010011
1111011111
1100110111

1111101111
0110110111
1001010111

1111111011
0101111111
0101111111

N

1101111101

0001010011
1111011111

1100110111
1111101111

0110100000
00000 O00 O0
000 O00 O000

00000000 O0
0 O00000 O00

45.000 0.072 3 1

60.000 0.531 4 2

79.000 0.110 3 3

84.000 0.609 4 4

84.000 0.629 5 5

84.000 0.659 5 6

84.000 0.877 5 7

89.000 0.410 4 8

92.000 0.166 4 9

93.000 0.392 4 10

93.000 0.690 5 11

93.000 0.7331 5 12

93.000 0.727 5 13

93.000 0.913 5 14

93.000 0.821 5 15

93. 000 0. 875 5 16

98. 000 0. 176 3 17

98. 000 0. 359 4 18

100.000 0.232 4 19

CAP - Cumulative Area

Photographed (%)

AP - Area Photographed (70)

B (N) - Total Area Photographed

RAN - Random Number Used to

Select the Cloud Cover

C(N) - Cloud Category Encountered

on Each Pass

N - Satellite Pass Number

where

Pl00_ -_° = required probability level of photographing 100 percent
of the area

P(1) = relative frequency of cloud category 1

N = number of independent satellite passes.
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16. 2. 4 'Results

16.2.4.1 Individual Target Areas

Statistics from three homogeneous cloud regions (2, 13, and

19, Figure 16. 6) were used to illustrate the type of information available

from the simulation procedure and to compare the simulation results with

those obtained from the combinatorial equation.

One convenient way of comparing the two procedures was to address

the question, 'How many independent satellite passes are required to be

95 percent confident of encountering at least one pass with 3/10 or less

(cloud categories 1 or 2) cloud cover over the target area?" The number of

passes obtained from each procedure, as shown in Table 16. 6, apply to a
target area 161 kilometers ( 100 n. mi. ) in diameter. This mission is flown

in January, and the satellite passes over the target area at 1300 hours LST.

TABLE 16. 6 COMPARISON OF COMPUTER SIMULATION

AND COMBINATORIAL RESULTS

Cloud

Region

2

13

19

Combinatorial

8

116

12

Computer
Simulation

8

119

12

For this comparison, the computer simulation program was adjusted
to consider only the unconditional cloud statistics.

Since the number of passes required to satisfy the conditions stated

above may be excessive for some cloudy areas of the earth (for example,

region 13), the mission planner may be willing to accept incremental

photographic coverage. Also, the satellite may pass over the target area at

such frequent intervals that the passes cannot be considered independent.

When conditions such as these are imposed, a computer simulation is required
to evaluate the consequence of cloud cover on the proposed mission.

Results from the simulation program giving analyses of at least

95 percent coverage of the target area and the photographic coverage after

10 satellite passes are shown in Figures 16.7 and 16.8. In both cases, the
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target is a 161-kilometer (100-n. mi. ) diameter area in cloud region 13.

mission is planned for January, and the spacecraft passes over the target
area every day at 1300 LST.

The

Figure 16.7 shows a 50-percent chance of photographing 95 percent

of the area in 13 passes, while 19 passes are required to be 90 percent
confident.

After 10 passes (Figure 16. 8), there is a 50-percent chance of photo-

graphing 92 percent of the area and a 90-percent chance of acquiring 76

percent of the target area. These results comprise a summary of 300
iterations of the simulation procedure. _'_

16. 2. 4. 2 Contiguous Target Areas - A Swath

The simulation can also be applied to a series of contiguous
target areas, for example, a swath from the Texas Gulf Coast to the Canadian

Border (Figure 16. 9). To evaluate this type target the swath is divided into

several equal-sized areas based upon the width of the swath. If the swath is

161-kilometers (100-n. mi. ) wide the dimensions of each target area or
V_oxr' become 161 × 161 kilometers ( 100 x 100 n. mi. ). In the case illustrated

there are approximately six boxes in cloud region 19 and five boxes in cloud

region 11. As before_ random numbers dictate the cloud cover applicable to

each box. The unconditional cloud distribution is used for pass number

1 over the first box but space conditionals are used for all subsequent boxes.

That is, the clouds in box 2 depend upon those in box 1, box 3 depends upon

box 2, etc. Box 1 of cloud region 11 depends upon box 6 of cloud region 19,

but the cloud draw is made from the statistics applicable to cloud region 11.

Subsequent satellite passes over the swath may use either unconditional

or time conditional statistics for box 1 of region 19 depending upon the time

interval between passes. All other boxes, however, depend only upon the
preceding box and always use the space conditional statistics.

Simulation results evaluating the swath are presented in the same

manner as the individual target results.

A question that presents some difficulty is that of identifying and

fitting into the mosaic small disjointed fractional parts of the target area.

For example, can all of the "Ors '' of Figure 16. 7 acquired on pass 2 really

be considered useful? Those isolated parts may be difficult, if not impossible,

to identify. Perhaps meaningful photographic results can be obtained only
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when small cloud amounts are present. Although this may be a serious prob-

lem for the experiment designer, the mission planner, and the atmospheric

scientists, it does not affect the simulation program directly. If it is decided

that a cloud-cover category will not provide useable photographic results,

that category can be assigned 100 percent cloud cover, and nothing will be

added to the cumulative coverage when it occurs. It might also be stipulated

that isolated parts of the target may not contribute to the total photographic

coverage. Many contingencies can be handled as input changes; some may

require minor program changes.

16.3 Four-Dimensional Atmospheric Models

In this part of the attenuation model project the emphasis was

placed on water vapor rather than clouds. Also, since attenuation calcula-

tions are usually made from reference atmosphere inputs the other atmos-

pheric parameters found in reference atmospheres were included in the 4-D

work. The basic data are comprised of monthly statistics (mean and standard

deviations) of pressure, temperature, density, and moisture content from

0 to 25 kilometers altitude on a global grid network. These data provide

information on latitudinal, longitudinal, altitudinal, and temporal variation

of the parameters; hence the name "four-dimeasional atmospheric models."

Of aourse, a profile of temperature, pressure, density, and moisture content

for any global location may be retrieved from these data. Still, to reduce the

data to a more manageable amount it was decided to outline homogeneous

moisture content regions for which a single set of profile statistics would

apply. This procedure would permit the use of one set of profiles for all

locations within a homogeneous region. While parts of this procedure are

still under development, the basic statistics have been computed and the

retrieval plans formulated. For each region analytical functions will be

fitted to the statistical data. For moisture, it appears that exponential

functions will be most appropriate, while for temperature, a series expansion

technique may be used. The result of fitting analytic functions to the statisti-

cal climatological profile data will be a library of coefficients for the tempera-

ture and moisture profiles. These coefficients will then be used to develop

computer subroutines to regenerate the model profiles of temperature and

moisture which will also be a function of the homogeneous region and month

of the year.

In the compilation of the global statistics, pressure and density were

determined from the hypsometric equation and the equation of state, rather

than linear or logarithmic interpolation. The purpose of this was to insure

hydrostatic consistency, thus, it is likely that the pressure and density

profiles can be generated from the temperature profile and the hydrostatic

assumption.
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The final result of this data analysis will be a series of computer

programs that provide mean, maximum, and minimum profiles of moisture,

temperature, pressure, and density from the surface to 25 kilometers

altitude for any location on the globe and month of the year. The computer

programs will contain the equations, data, and library of coefficients neces-
sary to produce the desired results.

A detailed report on the entire 4-D project will be available upon

request in September 1971.
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SECTION XVII. WORLDWIDE SURFACE EXTREMES

BY

Glenn E. Daniels

17.1 Introduction

In the original issue of the "Natural Environment Guidelines" document

(Ref. 17. i, 1961), information was needed to fabricate, transport, test, and

launch Marshall Space Flight Center space vehicles in limited geographical

areas only. Itbecame evident with the development of advanced programs such

as the Apollo project that statisticalmeteorological data are needed from other

areas as well. Thus, in a later revision, a section called "Distribution of

Surface Extremes in the United States" was included. In the present revision,

this brief section on worldwide surface extremes has been prepared. This

section will also illustratethe much larger extreme values thatoccur in some

areas and willcompare them with those currently used in space vehicle design.

17.2 Sources of Data

A great amount ofmeteorological data have been collected throughout

the world. Various agencies have collected such data in a form that can be

used for statisticalstudies. Kendrew's "Climates of the Continents" (Ref.

17.2) is an excellent summary of mean values of the meteorological param-

eters, temperature, pressure, and precipitation,and itis also the source of

many interestingdiscussions of local meteorological conditions around the

world.

"World Weather Records, 1941-50" (Ref. 17.3), compiled by the

Weather Bureau (now part of the Environmental Sciences Services Administra-

tion), provides another excellent summary of mean values of meteorological
data.

Recently, in revising AR 705-15 (now AR 70-38, Ref. 17.4), the

Earth Sciences Laboratory NLABS, U. S. Army Natick Laboratories at

Natick, Massachusetts, has collected worldwide data on meteorological

extremes. For the revised AR 70-38, the Earth Sciences Laboratory NLABS
prepared world maps that show worldwide absolute maximum and absolute

minimum temperatures.* These maps are reproduced in this section as

* Absolute is defined as the highest and lowest values of data of record.
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Figures 17.1 and 17.2, and due credit is given to the Earth Sciences Laboratory

NLABS, U. S. Army Natick Laboratories.

The several climatic atlases for various areas of the world provide

other sources of data; those of interest will be referred to in the following
sections.

17.3 Worldwide Extremes Over Continents

To present all the geographic extremes properly, many large maps

similar to Figures 17.1 and 17.2 would be required; therefore, only worldwide

extremes of each parameter will be discussed, and available references on each

parameter will be given. Individual geographic extremes will be mentioned

when pertinent.

17.3.1 Temperature.

Absolute maximum and absolute minimum world temperature extremes

are shown in Figures 17.1 and 17.2. Some geographical extreme air tempera-

tares of record are given in Table 17.1

TABLE 17.1 EXTREME AIR TEMPERATURES OF RECORD

Location Air Temperatures of Record

Salah, Africa

Aziz'ia, Africa

Sind, India

Basra, Iraq

Death Valley, Calif.

Stuart, Australia

Verkhoyansk, U.S.S.R.

Rogers Pass, Montana

Snag, Yukon Territory, Canada

IISoF,

127°F,

136°F,

123oF,

mean daily max. for 45 days
absolute max.

absolute max.

absolute max.

123" F, absolute max.

78°F, mean daily rain. in Aug.

134 ° F, absolute max.

131°F, absolute max.

-94°F, absolute rain.

-70°F, absolute min. for U. S.

-85°F, absolute min. for North America

Temperatures of the ground are normally hotter than the air tempera-

tares during the daytime. In the Sahara Desert of Africa, temperatures of sand

as high as i72" F have been measured. At Stuart, Australia, the sand has

reached temperatures so hot that matches dropped into it burst into flame.
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In design of equipment for worldwide operations, MIL-STD-210A now

uses extreme temperature values of 125°F for a hot temperature and -80°F
for a cold temperature. Values outside these limits have been observed. In

a study by the Air Force Cambridge Research Laboratories*, June 9, 1969,

for Special Assistant for Environmental Service of the Joint Chiefs of Staff, to

lower the risk of exposing equipment of MIL-STD-210A, it was recommended
that values of 131°F and -87°F would be more realistic for the hot and cold

temperatures.

The above recommendation for hot temperature was based upon risk

tables, shown in Table 17.2, of extreme high temperatures developed by

extreme value theory using 39 extreme annual temperatures at Death Valley,

California. Such temperatures persist for one or two hours during a day.

TABLE 17. 2 EXTREME HIGH TEMPERATURES WITH RELATION TO

RISK AND DESIRED LIFETIME

Risk

(%)
1

10

25

50

Temperatures ( ° F )

Planned Lifetime (years)

131

127

125

124

133

128

127

125

5 i0

134 135

130 131

128 129

127 128

25

137

133

131

t30

The recommendation for cold temperature was based upon risk tables,

shown in Table 17.3, of extreme low temperatures, developed by extreme

TABLE 17.3 EXTREME LOW TEMPERATURES WITH RELATION TO
a

RISK AND DESIRED LIFETIME

Risk

(%)
1

10

25
50

1

-87

-74

-68

-63

Temperature ( ° F)

Planned Lifetime (),ears)
2 5

-91 -97

-78 -83

-72 -77

-67 -73

i0 25

-I01 -106

- 87 - 92

- 81 - 86

- 76 - 81

a. Temperatures in Antartica were not considered in the study.

* Norman Sissenwine: "Temperature Extremes Applicable to MIL-STD-210

Area and Risk Considerations." AFCRL, a paper transmitted by a letter

dated June 16, t969, to Chief, Aerospace Environment Division, MSFC.
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value theory using 23 annual extreme low temperatures at Snag, Yukon

Territory, Canada. The extreme low temperatures will persist for longer

periods since they occur during polar darkness.

17.3.2 Dew Point.

High dew points are associated with high temperatures near large

bodies of water. Besides being detrimental to equipment, high dew points

make living conditions very uncomfortable. Extremely high dew points occur

in the following areas, in the vicinity of the water bodies specified:

a. The northern portion of the Arabian Sea in April and May, to

85°F dew point.

b. The Red Sea in July, to 89°F dew point.

c. The Caribbean Sea (includes the western end of Cuba and the

Yucatan Penninsula, Mexico) in July, to 81°F dew point.

d. The northern portion of the Gulf of California, to 86°F dew point

(data from Puerto Penasco, Mexico, Ref. 17.6).

The Air Force has published the "Atmospheric Humidity Atlas for

the Northern Hemisphere" (Ref. 17.5), which shows maps for various percen-

tile levels of dew point for midseason months (January, April, July, and

October).

A new report on worldwide humidity is now being published by the

U. S. Army Natick Laboratories (Ref. 17.6).

17.3.3 Precipitation.

The worldwide distribution of precipitation is extremely variable;

some areas do not receive rain for years, while others receive torrential rain

many months of the year. Precipitation is also seasonal; for example,

Cherrapunji, India, with its world record total of 905 inches of precipitation

in a year, has a mean monthly precipitation of less than one inch in December

and January. The heaviest precipitation for long periods (greater than 12

hours) usually occurs in the monsoon type of weather. High rates of rainfall

for short periods (less than 12 hours) usually occur in the thunderstorm type
of rain and over much smaller areas than the monsoon rain. Some world

records for various periods of rainfall are given in Table 17.4 (Ref. 17.2
and 17.7).



TABLE 17.4 WORLD RAINFALL RECORDS

17.7

Station Time Period Amount (in.)

Unionville, Maryland

Plum Point, Jamaica

Holt, Missouri

D'Hanis, Texas

Baguio, Philippine Islands

Cherrapunji, India

Cherrapunji, India

1 rain

15 min

41 min

3 hr

1 day

30 days

1 yr

1.23

8.0

12.0

20. 0

50.0

360. 0

905. 0

• Even though the values given in Table 17.4 are considerably higher

than the values given in Table 4.2 of Section IV, values in Table 4.2 are con-

sidered adequate for most space vehicle design problems within currently

expected operational areas.

17.3.4 Pressure.

Surface atmospheric pressure extremes for use in design must be

derived from the measured station pressures, not from the computed sea

level pressures that are usually published.

Stationpressures between stationshave great variabilitybecause of

the difference in altitudeof the stations. The lowest stationpressures occur

at the highest altitudes. The highest stationpressures occur at either the

lowest elevation stations (below sea level),or in the arctic regions in cold air

masses at or near sea level.

Court (Ref. 17.7) has an interestingdiscussion on worldwide pres-

sure extremes. Some typicalhigh and low pressure values are given in Table

17.5 (Ref. 17.2 and 17.7).

17.3.5 Ground Wind.

Worldwide extreme surface winds have occurred in several types of

meteorological conditions: tornadoes, hurricanes or typhoons, mistral winds,

and Santa Arm winds. In design, each type of wind needs special consideration.

For e_mmple, the probability of tornado winds is very low compared with the

probability of mistral winds, which may persist for days (see Section 5.2.10).
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TABLE 17.5. TYPICAL PRESSURE VALUES OF SELECTED AREAS

Station

Lhasa, Tibet

Sedom, Israel

Portland, Maine

Qutdligssat, Greenland

In a typhoon 400 Miles East.
of Luzon, Philippine Islands b

Elevation

Above Sea Level

(ft)

12 090

-i 275

61

10

N0

Pressure

(mb)

Lowest

645a

887

Highest

652 a

1081.8

1056

1063.4

a Monthly means.
b Lowest sea level pressure of record.

17.3.5.1 Tornadoes

Tornadoes are rapidly revolving circulations normally associated

with a cold front squall line or with warm, humid, unsettled weather; they

usually occur in conjunction with a severe thunderstorm. Although a tornado

is extremely destructive, the average tornado path is only about a quarter of a

mile wide and seldom more than 16 miles long, but there have been a few

instances in which tornadoes have caused heavy destruction along paths more

than a mile wide and 300 miles long. The probability of any one point being in

a tornado path is very small; therefore, design of structures to withstand

tornadoes is usually not considered except for special situations where tornado

shelters are built underground. Velocities have been estimated to exceed
134 ms -1 (260 knots) in tornadoes.

17.3.5.2 Hurricanes (Typhoons).

Hurricanes (also called typhoons, Willy-willies, tropical cyclones,

and many other local names) are large tropical storms of considerable intensity.

They originate in tropical regions between the equator and 25 degrees latitude.

A hurricane may be t600 kilometers ( i000 miles) in diameter with winds in
1

excess of 67 ms- ( i30 knots). A tropical storm is defined as a hurricane when

winds are equal to or greater than 33 ms -1 ( 64 knots). The winds are frequently

associated with heavy rain. Since the hurricanes of the West Indies are as

intense as others throughout the world, design winds based upon these hurri-

canes would be representative for any geographical area. Section 5.2.10 gives
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hurricane design winds for the area of Cape Kennedy, Florida. Although the

highest winds recorded in a hurricane in the area of Cape Kennedy, Florida,

were lower than winds from thunderstorms in the same area, the probability

still exists that much higher winds could result from hurricanes in the vicinity
of Cape Kennedy.

For extremes applicable to equipment, the following Table 17.6

from a study of 39 years of wind data for Taipei, Taiwan (in the Pacific typhoon

belt) *, for a height of 10 feet above the natural grade, is representative of all
hurricane areas of the world.

TABLE i7.6 EXTREME WINDS IN HURRICANE (typhoon) AREAS WITH

RE LATION TO RISK AND DESIRED UFETIME

(3.l-m reference height)

Risk

(%)

1

5
10

25

5O
i,

Extreme Wind Speeds Cms -1)

Planned Lifetime (years)

1 2

38 4t

30 33

26 29

21 24

16 20

5
i

46

38

34

29

25

10

49

41

38

33

28

25

54

46

42

37

33

i7.3.5.3 Mistral Winds (Ref. 17.2).

The mistral wind is a strong polar current between a large anti-

cyclone and a low pressure center. These winds frequently have temperatures

below freezing. The mistral of the Gulf of Lions and the Rhone Valley, France,

is the best known of these winds. Although winds of 37 ms -1 ( 83 mph) have

been recorded in the area of Marseilles, France, much higher winds have

occurred to the west of Marseilles in the more open terrain, where even rail-

way trains have been blown over. Mistrals blow in the Rhone Valley for about

100 days a year. The force of the mistral wind is intensified by its coldness,

and the associated greater air density.

* Norman Sissenwine: "Surface Wind Extremes Applicable to MIL-STD-210

Area and Risk Considerations." AFCRL, a paper transmitted by a letter

dated June 16, 1969, to Chief, Aerospace Environment Division, MSFC.
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17.3.5.4 Santa Aria Winds.

In contrast to the mistrals, the Santa Aria Winds, which occur in

Southern California west of the coast range of mountains, are hot and dry and

have speeds up to 41 knots. Similar winds, called FShn winds, occur in the

Swiss Alps and in the Andes, but, because of the local topography, they have

lower speeds. The destructiveness of these winds it not from their speeds,

but from their high temperatures and dryness, which can do considerable

damage to blooming tree and vine crops and exposed equipment and instruments

whose seals and paint are critical.
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SECTION XVIII. GENERAL CLIMATOLOGICAL INFORMATION

By

S. Clark Brown and Orvel E. Smith

18. 1 Introduction

With the development of aerospace launch vehicles which are

to be recovered by flying back to the earth's surface, additional climatic

data are needed on specific landing sites not covered in other sections of this

document. A short discussion is also included on tornadoes, hurricanes, and
tropical storms (Ref. 18. 1).

18.2 Tornadoes

Tornadoes are recognized as the most destructive force winds;

because of differential pressures created by tornadoes, buildings have been

known to literally explode. Fortunately, the aerial extent of tornadoes is
small compared with hurricanes, and the occurrence of tornadoes at the

seven stations of interest covered in this document is less frequent than in
the Central Plain states of the United States. Tornadoes are observed at

times in association with hurricanes in Florida and along the coastal states.

Based on Thorn's analysis of the number of tornado occurrences (Ref. 18. 2),
Table 18. 1 has been prepared giving tornado statistics for stations of interest.

The probability of one or more tornadoes in
is given by 1

P(Et, A1;N)= t-exp /-x A1N)A2

N years in area (A 1)

( 18. 1)

We choose for the area size for A 1 as 7. 3 km 2 (2. 8 mi 2) because Thorn

(Ref. 18.1) reports 7. 2572 km 2 (2. 8209 mi 2) is the average ground area

covered by tornadoes in Iowa, and the vital industrial complexes for most

locations are of this general size. Thus, taking A 1 = 7. 3 km _- (2. 8 mi 2)

and A 1 = 2. 59 km 2 (1 mi 2) and evaluating equation (18. 1) for the values

of x and A 2 for the stations given in Table 18. 1 yields the data in Table 18. 2.

1. Credit is due Prof. J. Goldman, Institute Storm Research, St. Thomas

University, Houston, Texas,for this form of the probability expression.
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TABLE 18. 1 TORNADO STATISTICS FOR STATIONS SPECIFIED

Station

Cape Kennedy

Huntsville

New Orleans

Mississippi

Test Facility

Space and
Missile Test

Center

Wallops Island

White Sands

Number

of

Tornadoes

9

12

9

12

5

2

Mean

Number

of

Tornadoes

Per Year

0.9

1.2

0.9

1.2

Area

(km 2 ) (mi 2)

10 896 4220

10 147 3930

10 689 4140

10 612 4110

Mean

Number

of

Tornadoes

Per Year

at a Point

Mean

Recurrence

!Interval for

a Tornado

Striking a
Point

(years)

0.00060 1667

0.00086 1163

0.00061 1639

0.00083 1205

9 579 3710 0.00000

9 708 3760 0.00038 2632

10 405 4030 0.00015 6667

TABLE 18. 2 PROBABILITY OF ONE OR MORE TORNADO EVENTS IN A

7.3-kin 2 AREA AND A 2. 59-krn 2 AREA IN 1, 10, AND 100 YEARS

Station

Cape Kennedy

Htmtaville

New Orleans

Mississippi Test

Facility

Space and Missile

Test Center

Wallops Island

White Sands

Mean

Number d

Tornadoes

Per Year in

Area, A 2

0.9

1.2

0.9

1.2

0.0

0.5

0.2

P(E1,A1;N)

for A 1 = 7.3km 2 (_ 8mi 2)

N = 1 N = 10 N = 100

year years years

0.00050 0.00590 0.05797

0.00085 0.00851 0.09195

0.00061 0.00608 0.05906

0.00082 0.00815 0.07850

O. 00000 O. 00000 0.00000

0. 00037 0. 00371 0. 03655

0.00012 0.00_21 0.01203

P(E I , AI; N)

for A I = _ 59_n2(1.00mi z)

N = 1 N = 10 N = 100

year years years

0.00021 0.00213 0.02110

0.00031 0.00305 0.03007

0.00022 0.00217 0.02160

0,00029 0.00292 0.02878

0.00000 0.00000 0.00000

0. 00013 0. 00133 !0. 01321

0.00004 0.00043 0.00431

P(E1, AI;N) = l_e °_ AI_N
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Table 18. 2 gives the probability of one or more tornado events in a 7. 3-km 2

(2. 8-mi _) area and a P_ 59-kin 2 (1-mi 2) area in 1 year, 10 years, and 100

years for the indicated seven locations. It is noted that for A i << A2 and
N < 100, equation (18. i) can be approximated by

Al

P(E i, Ai;N) - { A-_ N . (18. 2)

An interpretation of the statistics in Table 18. 2 is given using Cape

Kennedy as an example. There is a 5. 8-percent chance that at least one

tornado will '%it" within a 7. 3-kin 2 (2. 8-mi 2) area on Cape Kennedy in

100 years. For a 2. 59-km 2 (1-mi 2) area of Cape Kennedy, the chance of a

tornado hit in 100 years is 2. 1 percent. If several structures within a

7. 3-kin 2 (2. 8-mi _) area on Cape Kennedy are vital to a space mission and

these structures are not designed to withstand the wind and internal pressure

forces of a tornado, then there is a 5. 8-percent chance that one or more of

these vital structures will be destroyed by a tornado in 100 years. If the

desired lifetime of these structures [ or 7. 3-km _ (2. 8-mi 2 ) industrial com-

plex] is 100 years and the risk of destruction by tornadoes is accepted in the

design, then the design risk or calculated risk of failure of at least one

structure due to tornado occurrences is 5. 8 percent. This example Jerves

to point out that the probability of occurrence of an event which is rare in

one year becomes rather large when taken over many years and that estimates

for the desired lifetime versus design risk for structures discussed in sub-

section 5. 2. 10 should be made with prudence.

18.3 Hurricanes and Tropical Storms

The occurrence of hurricanes at Cape Kennedy and other loca-

tions for the Eastern Test Range is of concern to the space program because

of high winds and because range support for space operations is closed during

passage or near approach of a hurricane. This discussion will be restricted

to the frequency of tropical storms, hurricanes, and tropical storms and

hurricanes combined (tropical cyclones) for annual reference periods and

certain monthly groupings, as a function of radial distances from Cape Kennedy

only.

By definition, a hurricane is a tropical storm with winds greater than

33 m/sec (64 knots), and a tropical storm is a cyclone whose origin is in the

tropics with winds less than 33 m/sec (64 knots). There is no known upper

limit for wind speeds in hurricanes, but estimates are as high as 82 m/sec

(160 knots). Also, tornadoes have been observed in association with

hurricanes.
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Tables 18.3 and 18. 4 give a general indication of the frequency of
tropical storms and hurricanes by months within 161- and 644-kilometer

( 100- and 400-n. mi. ) radii of Cape Kennedy. From Table 18.3 it is noted

that hurricanes with 161 and 644 kilometers ( 100 and 400 n. mi) of Cape

/_ennedy have been observed as early as May and as late as December, with

the highest frequency during September. In the 68-year period (1899 to 1966),

there were ll7hurricanes whose path (eye) came within a 644-kilometer

(400-n. mi. ) radius of Cape Kennedy; there were nineteen hurricanes that

came within a 161-kilometer ( 100-n. mi. ) radius of Cape Kennedy during this

period. From all available wind records along the coast from Melbourne,

Florida, to Titusville, Florida, the highest wind gust during the passage of
sixteen of the nineteen hurricanes that came within a 161-kilometer (100-

n. mi. ) radius of Cape Kennedy were obtained. For the three hurricanes for

the years 1899, 1906, and 1925, the peak gusts were not available. Of the
sixteen hurricanes that came within a 161-kilometer (100-n. mi. ) radius of

Cape Kennedy for which the wind records are available, five "produced wind

gusts greater than 33. 5 m/sec (65 knots), 2 ten produced wind gusts to

26 m/sec (50 knots), and twelve had wind gusts less than 18.5 m/sec (36

knots). Thus, from these records, even if a defined hurricane path comes

within a 161-kilometer (100-n. mi. ) radius Of Cape Kennedy, hurricane force

winds [speeds > 33 m/sec (64 knots)] are not always observed at Cape

Kennedy. Hurricanes at greater distances than 161 kilometers ( 100 n. mi. )

could possibly produce hurricane force winds at Cape Kennedy. It is

recognized that hurricanes approaching Cape Kennedy from the east (from

the sea) will, in general, produce higher winds at Cape Kennedy than those

approaching the Cape after crossing the peninsula of Florida (from
land).

18.3.1 Distribution of Hurricane and Tropical Storm Frequencies

Knowing the mean number of tropical storms or hurricanes

(events) per year that come within a given radius of Cape Kennedy, without

knowing other information, is of little use. If the distribution of the number

of tropical storms or hurricanes is known to be a Poisson distribution, then

the mean number of events per year (or any reference period) can be used

to completely define the Poisson distribution function.

From Figure 18. 1, the probability of no event, P(E0, r), for the

following can be read: (1) tropical cyclones, tropical storms, and hurricanes

for annual reference periods; and (2) tropical storms and hurricanes for

2, Highest recorded Cape Kennedy hurricane-associated wind speed was

about 39 m/sec (76 knots).



TABLE t8.3 NUMBER OF

HURRICANES IN A 68-yr PERIOD
(1899-1966) WITHIN A 161- AND

644-km ( 100- and 400-n. mi. )

RADIUS OF CAPE KENNEDY

Month

Jan°

Feb.

Mar.

Apr.

May
Jun.

Jul.

Aug.

Sep.
Oct.

Nov.

Dec.

Total

Number of Hurricanes

Within:

161-km

( 100-n. mi. )

radius

19

644-km

(400-n. mi. )

radius

0

0

0

0

1

3

12

23

42

30

5

1

117
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TABLE 18. 4 NUMBER OF

TROPICAL STORMS IN A 96-yr
PERIOD (1871-1966) WITHIN A 161-

AND 644-km (100- and 400-n. mi. )

RADIUS OF CAPE KENNEDY

Month

Jan.

Feb.

Mar.

Apr.

May

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Number of Tropical
Storms Within:

161-km

( 100-n. mi. )

radius

0

1

0

0

2

6

6

22

22

32

1

1

644-km

(400-n. mi. )

radius

0

1

0

0

4

26

27

65

101

96

17

1

Total 93 338

July-August-September; and (3) tropical storms and hurricanes for July-

August-September-October, versus radius, in kilometers, from Cape

Kennedy. To obtain the probabilityfor one or more events, P(E I , r), from

Figure 18. i, the reader is required to subtract the P(E 0, r), read from the

abscissa, from unity;that is, [i - P(E0, r)]= P(EI, r). For example, the

probabilitythatno hurricane path (eye) will come within 556 kilometers

(300 n.mi. ) of Cape Kennedy in a year is 0.31, [P(E0, r = 300) = 0.31], and

the probabilitythatthere willbe one or more hurricanes within 556 kilometers

(300 n.mi. ) of Cape Kennedy in a year is 0.69, (I - 0.31 = 0.69).

18.4 Climatological Information for Selected Geographic Locations

Climatological information pertinent to the aerospace vehicle

landing operation is given in two NASA contractor reports (Refs. 18.3 and
18. 4). Both documents follow the same format and contain for each

site: (1) a short narrative description of the climate, (2_ monthly and annual
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temperature and precipitation summaries, (3) percentage frequency of

occurrence of specified weather conditions for monthly and annual reference

periods ( the w_eather conditions, ceiling and visibility, thunderstorms,

precipitation, fog, and other obstructions to vision are given for 3-hour

periods to show the diurnal changes and for all hours combined), and (4) ground

winds for monthly and annual reference periods. These data give the per-
centage frequency of occurrence of wind speed versus wind direction.

NASA CR-61319 contains data for nine foreign and three United States

sites, while NASA CR-61342 contains twenty United States (two in Alaska)
locations, as follows:

NASA CR-61319

Edward AFB, California

Langley AFB, Virginia

Patrick AFB, Florida

Moron, Argentina

Moron De LaFrontera, Spain

Ambala, India

Dhahran, Saudi Arabia

Bloemfontein, South Africa

Reggan, Algeria

Alice Springs, Australia

Honolulu, Hawaii

NASA CR-61342

Eielson AFB, Fairbanks, Alaska

Elmendorf AFB, Anchorage, Alaska

Castle AFB, Merced, California

Vandenberg AFB, Santa Maria, California

McCoy AFB, Orlando, Florida

Columbus AFB, Columbus, Mississippi

Whiteman AFB, Knob Noster, Missouri

Cherry Point MCAS, Havelock, North Carolina

Seymour-Johnson AFB, Goldsboro, North Carolina

Hoiloman AFB, Alamogordo, New Mexico

McGuire AFB, Wrightstown, New Jersey

Shaw AFB, Sumter, South Carolina

Ellsworth AFB, Rapid City, South Dakota

Bergstrom AFB, Austin, Texas
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NASA CR-61342 (Continued)

Biggs AFB, El Paso, Texas

Carswe[l AFB, Ft. Worth, Texas

Dyess AFB, Abilene, Texas

Ellington AFB, Houston, Texas

Kelly AFB, San Antonio, Texas

Sheppard AFB, Wichita Falls, Texas
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A ltitude

see "Inflight Winds"
Calm, frequency _. 24
Extremes

see under type of wind
Empirical Exceedance Probabilities 5.73
Envelope of Distribution 5. 12

Exceedance Probability 5.72
Exposure Period Analysis 5. 10

Extreme Value Theorem of Gumbel 5. 12

Facilities Criteria 5.47

Fastest Mile 5.58

Flight Simulation Turbulence Model 5. 128

Free Standing
Definition 5. 5

Frequency of Calm 5.24
GSE Criteria 5.47

Ground Winds 5.9
Calm 5.33

definition 5.7

table of 5.34
Criteria 5.47

Definition 5. 5

Design wind profiles 5.13
Direction characteristics 5.46

Eastern Test Range 5. 19
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Edwards AFB

tableof 5.32

Envelope of distribution 5. 12

Exposure period analysis 5.10

Equation of heightvariation 5.15
Facilitiescriteria 5.47

GSE criteria 5.47

vehicle criteria 5.47

Fastest mile 5.58

Free atmosphere turbulence simulation 5. 131

Free standing

definition5.5

Gumbel distribution 5. 12

Gust factors 5.40

Height variation

equation of 5. 15

Huntsville, Alabama 5.24
table of 5.27

Hurricanes 18.3

definition5.6

Instantaneous extreme wind profiles 5.16

Measurement of 5.9

New Orleans, La.

table of 5.28

Peak wind speed 5.13, 5.15
example of 5.14

Profile shapes 5.15
Shear 5.44

Space and Missile Test Center
table of 5.29

Wallops Test Range
tables of 5.10

White Sands Missile Range
tables of 5.31

Gumbel Distribution 5.12
Gust 5.9

Amplitude 5. 106

Definition 5.5

Discrete 5.98, 5. 132
Factor

definition 5.5

ground 5.41
Quasi square wave 5.98

illustration 5.99

Shape 5.98
Sinusoidal 5.98

Spectra 5.98

Horizontal Flying Vehicles 5. 114
Hurricanes 18.3

In-Flight

Characteristic profile 5. 109

examples of 5.110, 5. 111

Climatology 5.70

Coefficients of correlation 5.71

Component winds 5.71, 5.79

Correlations 5.72

Definition 5.6

Design scalar winds 5.75

Eastern Test Range

component 5.86
scalar 5.80

Gust 5.96

amplitude 5. 108
definition 5.5

discrete 5.98

quasi square wave 5.98

shape 5.98
sinusoidal 5.98

spectra 5.98
Quasi steady state

definition 5.6
Shear 5.90

Space antiMissile Test Center
component 5.86
scalar 5.80

Speed change 5.90
Spectra 5.98
Wallops Test Range

component 5.87
scalar 5.81

White Sands Missile Range

component 5.87
scalar 5.82

Instantaneous Extreme Ground Wind

Profiles 5.16

Latitudinal Turbulence 5.35

Longitudinal Turbulence 5.35
Measurement of

Ground 5. 9

Meteorological Tape 5. 143
Mission Planning 5. 134
Multiple Exceedance Probability 5.74

Peak Wind Speed
Definition 5.5

Ground 5.13, 5.15
Percentile

Definition 5.8

Post Flight Evaluation 5. 142

Prelaunch Wind Monitoring 5. 139
Profile Construction

Ground 5.15

In-flight 5. 103, 5. 105

Profile Shapes, Ground 5.15
Quadrature Spectra 5.37
Quasi Steady State

Definition

ground 5.5
Reference Height

Definition

ground 5.6
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in-flight 5.7
Scalar

Backoff wind speed change 5.90
Buildup wind speed change 5.90
Definition 5.8

Wind speed envelopes 5.79
Scalar Wind Speed Envelopes 5.79

All locations

graph of 5.85
tableof 5.85

Cape Kennedy, Florida

graph of 5.80

tableof 5.80

Eastern Test Range
graph of 5.80
table of 5.80

Edwards AFB

graph of 5.84
table of 5.84

Space and Missile Test Center

graph of 5.81
table of 5.81

Vandenberg A FB
graph of 5.81
table of 5. 81

Wallops Test Range
graph of 5.82
table of 5. 82

White Sands Missile Range
graph of 5.83
table of 5.83

Scale of Distance
Definition 5.7

Serial Complete Data
Definition 5.7

Shear

Also See "Speed Change"
Backoff

definition 5. 90

Buildup
definition 5.7, 5.90

Ground wind 5.44

In-flight 5.90
Scalar 5.90

Simulation

Boundary layer 5. 129

Flight 5. 128
Free atmosphere 5. 131

Spectra

Cospectrum 5.37
Graph of 5. 102
Ground 5.33

In-flight 5. 90
Quadrature 5. 37
Turbulence 5.33
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Speed Change 5.90
Backoff 5.90

Buildup 5 90
Defiflition 5.7

In-flight 5. 90
Scalar

hackoff 5. 90

buildup 5.90
Steady State

Definition

ground 5.5
inflight 5. 7

Surface

See "Ground Winds"

Surface Roughness 5.36

Table of 5.37

Synthetic Wind Profiles

See "Design Wind Speed Profile Envelopes"
and "Construction of,

Thickness of Strong Wind Layers 5.72

Eastern Test Range
table of 5.73

Space and Missile Test Center
tableof 5.73

Vandenberg A FB
table of 5.73

Tornadoes 18. 1

worldwide extremes 17.8
Turbulence

Flight simulation 5. 128
Ground wind 5. 53

Horizontal flying vehicles 5. 116

Model for flight simulation 5. 128
Spectra, ground 5. 37

Wavelength
In-flight gust 5.96

Windiest Monthly Reference Period
Definition 5.8

Wind Load Calculations 5.52

WORLDWIDE EXTREMES

Air Temperature 17.2

Maps of 17.3, 17.4

Tables of 17.2, 17.5
Data Sources 17.1

Dew Point 17. 6
GroundWind 17.7

Hurricanes 17. 8
Table of 17.9

Mistral Winds 17.9
Over Continents 17.2

Precipitation 17. 6
Table of rainfall 17.7

Pressure 17.7
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Table of 17.8

Rainfall

Table of 17.7

Santa Ana Winds 17. 10

Tornadoes 17.8

Wind 17.7

Hurricanes 17.8

table of 17.9

Mistral 17.9

Santa Arm 17. 10

Tornadoes 17.8


